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ChapteA 1 
INTRODUCTION 
1.1 A FORERUNNER 
In this study the chemiluminescent reactivity of NO scattered on 
0_ is investigated using molecular beams. With beams one is able to 
control the translational energy and translational temperature of the 
molecules by selecting the right source conditions and applying a 
velocity selector. Moreover, employing an inhomogeneous electric 
(or magnetic) field molecules with a state dependent electric (or 
magnetic) dipole moment can be singled out in one particular state. 
Further, these state selected molecules can be oriented in the 
scattering region employing a homogeneous field. In this way the 
outcome of the collision process can be investigated as function of 
the translational energy, internal state and orientation of one of the 
colliding partners. 
In the past study has been made of the anisotropic potentials 
for NO- inert gas systems in our research group (ref.1 and 2) with 
state selected NO beams. By slightly modifying the machine used for 
that study we were able to investigate the chemiluminescent reactivity 
of the N0-0, system. 
In a chemiluminescent reaction one of the products (in this case 
NO.) is formed in an excited state; during the decay to the ground-
state a photon is emitted. This chemiluminescence is used to probe the 
reactivity simply by collection of the emitted light. Thus one is 
9 
restricted to the reaction channel leading to excited products normally, 
but in this particular case there exists a strong mixing between the 
electronically excited state (the emittor) and the high vibrational 
levels of the ground state of NO. (ref.3),so we probe the total 
reactivity (ref.4). 
The reaction N0+0.-»NO-+0. is one of the reactions that play an 
important role in the stratosphere, where the ozone layer (ref.5) 
protects us from harmful levels of ultraviolet light. A good under-
standing of the reaction mechanism can help to predict the influence 
upon the ozone layer of changes in concentrations of nitric oxides due 
to the exhaust of supersonic aircraft, or chlorine atoms coming from 
fréons used as propellants. 
Using fully state selected N0 beams it has been possible to obtain 
new information about the dynamics of this reaction; the influence of 
several forms of reactants energy has been studied (translation, 
rotation, fine structure energy); the chemiluminescent reactivity is 
determined for pure N0 states, for well defined translational energy 
and spatial orientation. 
1.2 PREVIOUS INVESTIGATIONS OF THE SYSTEM N0-0 
Before the start of the present study much work has already been 
done on this system, mostly in bulk. The reaction ΝΟ+Ο,-^ΝΟ,+Ο, has an 
exothermicity of 2.08 eV; on energetic grounds it- is possible to 
1 3 -
produce 0- m a Δ state (about 1 eV above the Σ ground state) or 
2 2 2 2 
N0. in a Βχ, B2 or A2 state (about 1,5 eV above the Αχ groundstate). 
Indeed, Clough and Thrush found in 1967 (ref.6) that at 300 К 7.4% of 
10 
the NO , produced in a flow system, was excited; 0. products, however, 
have never been observed in an electronically excited state (ref.7). 
Clough and Thrush studied the temperature dependence of the rate 
constants for the chemiluminescent channel and the channel leading to 
ground state products. They measured an Arhenius behaviour with an 
activation energy for the chemiluminescent channel of 0.181±0.013 eV in 
the temperature range from 216 to 322 К and for the other channel 
an activation energy of 0.101±0.006 eV. 
Several studies have been performed with vibrationally excited 
ozone (ref.8-12). If with a C0„ TEA laser the asymmetric stretch mode 
э is excited, for both channels an enhancement of the reaction rate is 
observed by a factor of about 5.5; Gordon and Lin (ref.8,9). Exact 
determination of the rate constants for the different ( і, 2, з) states 
is rather difficult due to non-reactive collisions in the flow system. 
By these collisions a fast redistribution of the vibrations in 0- can 
occur before reaction. 
Also Kurylo et al. (réf.10) have studied the N0-0. reaction with 
0, vibrationally excited by a C.W. C0„ laser. They reach the conclusion 
that not only excitation of the V3 mode but of the Vi and V2 mode, too, 
enhances the reaction. 
Stephenson and Freund (réf.13) used a CO laser to excite N0 to the 
v=l level and compared the reaction rates for the chemiluminescent 
channel for N0(v=0) and N0(v=l). An enhancement was found by a factor 
5.7, for N0 in the v=l vibrational state. Moreover, for the channel 
leading to ground state products, the enhancement of the reactivity was 
estimated by about a factor of 20. 
Not only the influence of the vibration, but also of the 
11 
translational energy upon the chemiluminescent channel is investigated 
in the near threshold region (E^, , , , =0.13 eV) by molecular beam 
a
 threshold 
techniques, Redpath et al.(ref.14). They found a strong increase of the 
chemiluminescence with increasing translational energy and observed 
also influence of the internal state of NO upon the reactivity. In 
section 4.5.1 this experiment will be discussed in more detail. 
Chapman studied theoretically the N0-0, reaction (ref.15). She 
constructed 5-dimensional potential surfaces in order to investigate 
the dynamics of the reaction, including reactant vibrational 
excitation. Her results, however, did not show the enhancement of the 
reactivity as observed by Gordon and Lin (ref.8) and Kurylo et al. 
(ref.10). 
During the time of our measurements,Anderson et al. (ref.16) 
investigated the influence of the N0 internal state, too, by crossing 
a partially state selected NO beam with an 0, target, employing a 
magnetic sixpole for state selection. Also this experiment will be 
discussed in section 4.5.3 in more detail. 
1.3 THE PRESENT INVESTIGATION 
The present investigation has been performed in two stages. In the 
first, the influence of translational energy and internal state 
(rotational and electronic fine structure state) of N0 upon the 
chemiluminescence has been studied by crossing a. seeded N0 beam with 
an effusive ozone beam, at energies large compared to threshold. In 
this experiment a velocity selector was placed in front of the 
scattering centre in order to have well defined translational energies. 
12 
By varying the source conditions it was possible to change the internal 
energy distributions in the NO beam. The strong dependence of the 
chemiluminescent cross section on both translational and internal energy 
has been measured accurately at energies far above threshold. This part 
of the investigations has been published in Chemical Physics (ref.17) 
and is reprinted in chapter 2. 
In the second stage, the internal energy dependence has been 
studied in more detail. With an electric sixpole - 1.65 m long - we were 
able to select NO in the TI. ,. or и. .„ fine structure state at 
translational energies high enough to yield sufficient photon signals 
from the reaction with ozone. It is shown that the rotational state of 
NO influences the reactivity, but that the fine structure state does 
not, see chapter 3 and sections 4.2-4.4. (In chapter 3 the experiments 
with state selected NO have been described briefly, as published in 
Chemical Physics Letters, ref.18). In section 4.5 we will discuss these 
results and compare them with those of other experiments. 
Next, the state selected NO beam has been used to study the influence 
of the NO orientation upon the chemiluminescent reactivity; to obtain 
a preferential orientation in the scattering region a strong electric 
field has been employed. The measurements show two orientations of the NO 
molecule leading to reaction, either the N atom (of NO) is directed 
towards the ozone molecule, or the N atom is oriented slightly 
backwards during the approach (chapter 3 and section 4.6). 
In chapter 5 finally, conclusions and outlook will be given. 
13 
Figure 1.1 : The two reactive orientations of the NO moleoule. 
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CHAPTER 2 
INFLUENCE OF TRANSLATIONAL AND INTERNAL ENERGY UPON THE CHEMILUMINESCENT 
PART OF THE EXOTHERMIC REACTION NO + Oj -+ NOj + O2 •* N 0 2 + A v+ 0 2 
D. VAN DEN ENDE and S. STOLTE 
Fysisch Laboratorium, Katholieke Universiteit, 6525 ED Nijmegen, The Netherlands 
Received 30 May 1979 
The influence of internal (rotational and electronic fine structure states of NO) and translational energy upon the chemi-
luminescence has been studied by crossing a seeded NO beam with an effusive O3 beam for energies large in comparison with 
threshold The translational energy (0.4 < £ t r < 1.6 eV) is selected by a velocity selector placed in front of the scattering 
region. Thus, the internal beam temperature (state distribution) remains constant, when £ t I is varied by changing the rotational 
frequency of the velocity selector The cross section of this exothermic process is found to increase very rapidly with translation, 
σ^ μ Œ ¿tr ' wlt*1 s o m e teveUmg off starting at Εχι » 1 2 eV The influence of the internal energy of the NO-molecules is stu­
died by changing the pressure behind the nozzle, at a constant speed of the velocity selector, thereby the internal beam tem­
perature is varied (100 «; Гц < 300 К). A linear behaviour is found σ/,μ «[l+odtTu/É'threshold)] wlt'1£'threshold=s0 129eV 
and α = 4 5 ± 0 5 for E^ between 0 62 and 0.84 eV Assuming the rotational and electronic fine structure temperature equal 
to Гц, we obtain (da 1^,/d£'lnt)/(doft„/d£'tr) = 4 5 ± 0 5 at £ΊΓ = 0.7 eV with Ein\ = ^rot + Ee\ E{^ is even more efficient 
than E^ in promoting chemilummescencc in the visible If the internal energy effect can be attributed to different cross 
sections for the two fine structure states mvolved, one derives °ІіЛпііг)ІаИ (пгп} = 0 27 ± 0 03 The exothermic chemi-
Lummescent reaction cross section is surprisingly energy selective fax from the threshold 
1. Introduction 
The exothermic reaction, 
NO + O3 ->• N02( 2A,) + Oj + 2 08 eV , 




N02(2Ai) + ftv, 
yields NO2 molecules in ground and electronically ex­
cited states This reaction has been investigated quite 
extensively in bulk experiments [1-4]. For both 
channels the absolute rate constant anjl its temperature 
dependence has been studied by Clough and Thrush 
[1 ]. At 300 К 7.4% of the NOj produced was found in 
channel (lb). The enhancement of the reaction rate of 
the various channels by selective vibrational excitation 
with a CO2 laser has been investigated [2-4]. One 
photon excitation of Oj and NO vibration enhances the 
reaction rate of channel (lb) by a factor 3—8 near 
threshold. Unfortunately, the bulk experiments are per­
formed at high pressures (» 2 Torr) as compared to the 
quenching pressure of NOJ (* 2 X Ю - 3 Torr) [S]. 
Certain NOJ states will be quenched more easily than 
others and this can lead to a bias of the observed effect. 
This problem is avoided by using the molecular beam 
technique. Ackerman [6] was the first to observe the 
chemiluminescence of the NO-O3 reaction in a beam 
system. Menzinger's group [7], using the seeded beam 
technique, found a chemiluminescent reaction cross 
section, Ofry, which strongly increases with the transla­
tional energy,^,, in the threshold region (¿'threshold = 
0 129 ±0.013 eV). 
In further studies by this group [8,9] an enhance-
ment of the chemiluminescence was observed by moder-
ate elevation of the nozzle temperature (Г = 281 -*• 
573 K), which could not be attributed to the increased 
translational energy. The effect was attributed to a large 
difference in σ
Λι
, for the electronic fine structure states 
of ΝΟ,Π1/2 and Π3/2. wi'h 
« W n ^ ^ i ^ t r ^ t h r e s h o l d ) - ! } " . (2) 
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= = J \ \ \ 
Fig 1 A schema of the molecular beam machine Only the more important components are shown, the NO source, skimmer, velocity 
selector, beam collimators, O3 source, light collection lenses with photomultiphcr (RCA C31034A red sensitive) and ionizer with 
mass filter Beam paths are indicated by arrows 
and 
σ
Λ,(Π3 / 2 )/σ Λ „(Π 1 / 2 )έ4, 
where с = 0 163 А2, я = 2 4 ±0 15 and E
u
 < 0 26eV 
Strangely enough, the chemiluminescence was found 
not only to depend upon the translation temperature in 
the beam and E
u
 but also upon the earner gas 
In general, И is expected [10] that the energy depen­
dence and selectivity of chemical reactions tend to de­
crease with £•(, iff,, > £ ·
ι 1 ι Ι κ ; 1 ι ο 1 ( 1 
The purpose of this study is lo investigate the effects 
found by Rcdpath et al [7-9] at higher translational 
energy (f^ = 0 4 - 1 6 eV) In order to simplify the in­
terpretation of the results and to avoid serious decon 
volution corrections, E^ is selected by a velocity selec­
tor placed in front of the scattering region The internal 
beam temperature (state distribution) is constant iff,, 
is selected solely by changing the rotational frequency 
of the velocity selector On the other hand, for a fixed 
velocity selector settmg the translation energy can be 
kept constant and the internal energy can be varied by 
changing the source conditions 
The paper is organized as follows In section 2 we 
describe our crossed beam apparatus and the proce­
dures Special emphasis is put on the calibration of the 
velocity selector, and the corresponding translational 
energy distributions, important in view of the steep 
velocity dependence of the observed phenomena 
In section 3 we give the experimental results For a 
constant internal energy state distribution (characterized 
by Гц) the translational energy is varied and its influence 
on the σ
Αι
, is determined Also for constant E
u
, a rather 
strong influence of Гц on σ
Αι
, is found 
In section 4 we describe the procedure necessary to 
obtain a deconvoluted cross section 
In section 5 the deconvoluted result will be discussed 
We shall show that the internal energy of NO is much 
more efficient in yielding chemiluminescence than trans­
lational energy Interpretation of the internal energy 
effect due to different reactivities of the Π щ and П3/2 
states will be found to be feasible The absolute value 
of Oflv and its £ t r dependence will be discussed briefly 
2 Experanental 
2 1 Apparatus 
Our machine consists of five differentially pumped 
chambers and is schematically illustrated in fig 1 The 
nozzle (φ = 0 006 cm) consists of a quartz capillary, 
heated by means of a Rhenium ribbon to about 1100 К 
[11] In earlier experiments a stainless steel capillary 
was used, causing an unstable beam, due to severe cor­
rosion At about 2 cm from the nozzle a skimmer (φ = 
0 035 cm) separates the source chamber from the velo­
city selector chamber in which a modified and unproved 
version of the selector described in ref [12] is mounted 
It can be operated with clockwise or counter clockwise 
rotation yielding different resolutions [13] (Δυ/υ equals 
18 
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SM 600 V„H [m '] 
Fig 2 bxpenmcntally determined velocity distribution N(v
nQm) 
for an Ar beam at room temperature measured with the dual 
range velocity selector Data points с for poor resolution and 
• for good resolution The lines correspond with the fit u
s 
= 551 3 ms"1 and S = 16 7 * 0 4, which leads to 7"




294 ± 4 К with eq (8) For comparison purposes, the velocity 
distribution of a slotted disk selector with infinite good rtsolu 
tion W(u
nom
) = D¡iom[cxp S2(unom vallili isgivenby 
the dashed curve The ratio of the maximum intensities for 
good and poor resolution yields experimentally 0 59 the same 
value is calculated from cqs (3)-(7) 
11% and 5% fwhm) In the next (scattering) chamber the 
NO beam crosses an effusive O3 beam (Teffuser * 110 K) 
emerging from a multichannel array (Brunswick corpo-
ration, 1 18 cm long and 0 65 cm wide, positioned 0 54 
cm above the primary beam axis) The ozone is cryogeni 
cally pumped by a trap (T » 20 K) which is placed unme 
diately below the scattering center, mounted on a 
Khpping He-cryostat (Leybold VMK 500) After some 
hours of measuring, when the liquid He cooling is 
stopped, the condensate (approximately 1 atm liter 
O3) is simply removed by a mechanical pump Pure 
ozone is prepared in a similar fashion [14] as described 
by Clough and Thrush [15] 
In order to increase light collection, two asphenc 
lenses are placed in series (6 cm φ, flip = 0 70) The scat 
tering center is located at the focal point of one lens and 
the photomultipher (RCA C31034A) is positioned in 
the focal point of the other lens The red sensitive photo-
multiplier (window at Γ = -30°C) is placed outside the 
vacuum chamber at 23 cm from the scattering center 
The photons are counted with a "digital lock in" pho­
ton counting system (ORTbC Brookdeal 5C1) After 
passing through an extra buffer chamber used for va­
cuum separation, the primary beam is ultimately de 
tected by a home made ionizer. Extra Nuclear mass filter 
and a particle multiplier combination 
2 2 Beam velocity calibration 
At the start of the expermient the velocity distnbu 
tion of a pure Ar beam is measured for both clockwise 
and counter clockwise rotation of the velocity selector 
(see fig 2) The purpose is two fold an accurate calibra­
tion of the velocity selector which takes into account 





) Special attention is paid 
to these aspects, because of the great sensitivity of the 
chemiluminescent yield to velocity ( » u 8 ) and beam 
temperature changes 
The signal measured with the ionizer at a certain 
nominal velocity, i>
n o m
, of the velocity selector is given 
by 
"(»*».)=ƒ "(»Ж», »пот)*' (3) 
0 
For л (и), the velocity density distribution of the nozzle 




 e x p [_S2 (U/Us _ ι γ ] ) (4) 
where the stream velocity i>
s
 and speed ratio S are the 
adjustable parameters The transmission function of the 
velocity selector, q(u,
 жт
), for a given angular speed 
ω of the rotor is derived by Hostettler and Bernstein 
[17] 
<?(»• » n o m ^ i l i [(1Т/3)и
п о п
>- 1]/γ} , (5) 
for 
( 1 + | 3 ) / ( 1 + γ ) %
υ
/ υ
π ο ι η
^ 1 , 
w h e r e
 »nom
 1S
 B'ven by u
n o m
 = соі/<Д and η,β,γ,Ι,φ 
are geometrical parameters of the selector [18] 
In the case that the direction of the molecular beam 
is not completely parallel to the shaft of the slotted 
disk rotor, eq (5) has to be modified If the shaft 
makes an angle δ with the plane defined by the beam and 
the slit, which is in transmitting position, the selector 
19 
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constant, С = ¿ / 0 , and its resolution properties are af 
fected Among the parameters in eq (5) only β and γ 
become δ-dependent One obtains in good approxima­
tion for small δ 
(»(«) = 0(6 = 0)/(1 + Ιδ/ΓΦ) 
and 
7(Í) = 7(6=0)/(1 + ¿Í/K.)> 
and for the selector constant С 
(6) 
С(в) = Ζ,/Φ 
cose +¿ sm6/r0 
Our dual range velocity selector stays self-calibrating 
when δ Φ 0, a misalignment angle +δ for clockwise 
rotation means a misalignment angle-δ for counter 
clockwise rotation To obtain an absolute calibration 
and to determine δ, the velocity spectrum has to be 
scanned in both directions As an example the distribu­
tions of an Ar beam (p
n o z z
ie = ' bar) are given m fig 
2 To interprete the distributions, eq (3) is evaluated 
numerically [18] and the misalignment angle δ is fitted 
We obtain δ = 3 4 X I O - 3 rad which decreases the selec­
tor constant at poor resolution by 5% 
The ratio of maximum signal at poor and good reso­
lution gives a sensitive check upon the geometrical posi­
tions of disks, slits and slots withm the selector In the 
case of fig 2 (u
s
 = 551 3 m s _ 1 and 5 = 16 7) experi­
mentally and numerically the same ratio 0 59 has been 
found 
With a pure Ar beam, the temperature of the nozzle, 
^nozzle» l s calculated using the relation 
nozzle = К~/ С Р> (8) 
where c_ is the specific heat capacity and 
=и5(1 + §8-2)1/2 





1065 ± 6 К is obtained After this calibration, we charac­
terize the velocity distribution of the seeded beams by 
determination of u
s
 and S Instead of fitting the com­
plete experimental velocity distributions, a fast and 
accurate method was found by determming the two 
selector frequencies for which the experimental velocity 
distribution reaches half its maxunum value 
3 Results 
The translational energy dependence of the chemi 
luminescence is measured by varying the nominal velo­
city, v
riom, of the selector at constant primary and 
secondary beam conditions At a constant O3 beam 
density «j, the ratio of the photomultipher signal If,,, 





an experimental chemilummescent cross section, 
σ
Λι
,(εχρ), in arbitrary units 
(7) ohv(exp) 
•hv *- apparatus (9) 
j V 0 ( u
n o m
) stands for the density of the unattenuated 
NO beam («2 = 0) as measured by the mass spectro­
meter detector, eq (3) If «2 is substantially increased 
no correction terms in eq (9) are necessary for our 
geometry For instance with \n{№(u
nom
)IN(v )} 
¿ 3 we found Ihv<r \n{NHvnom)IN(v„om)} « n 2 The 
actual measurements, however, are performed with 
InWOaW/JVKom)}^? 
The procedure to deconvolute the "true" cross sec-
tion Of,u from о
Л і
,(ехр) is described in the next section, 
the corrections are smaller than 10% in almost all cases 
(see tables 1 and 2) 
In fig 3, the resulting translational dependence of 
σ
Α ι
, is shown At low energies our measured curve 
follows the extrapolated and deconvoluted results of 
fig l l o f r e f [8] The strong increase with translational 
energy of σ
Λ ι
,( !» E^75) is found up to 1 2 eV At very 
high translational energies (Etf > 1 4 eV) some levelling 
off begins to set m The investigated translational energy 
range is too large to be covered by a single NO beam 
seeding mixture Several seeding mixtures are used at 
constant nozzle temperature ( Г
п о ш 1 е = 1065 К) 
For the mixtures used the internal beam temperature, 
defined by 
r.-iwui/CS**), (10) 
varies between 135 and 184 К The cross sections plotted 
in fig 3 are reduced to Гц = 160 К with the help of eq. 
(11) discussed below All points fall upon a unique ex­
citation curve, when measurements obtained in one day 
are used Measurements at different times are adjusted 
with an appropriate scale factor It turns out that the 
rotational and electronic fine structure (П[у2 or П з ^ ) 
state distributions are characterized by Гц [19—21) 
resulting in a unique curve in spite of the use of several 
20 
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Table 1 
The σ/,,, dependence on Ец tot Tour dlffeient seeding mixtures. 7 "
η ο ζ ζ
|
ε
 - 106S К AU data points aie reduced to the same internal 
beam temperature (Гц - 160 К) using eq (11) 




, ( £ , Гц = 160К)Ь) 
mixture 
(Α)1%ΝΟ-Η2 150 К 1111 1 2 3 187 
1 167 1 27 207 
1 2 2 4 1 3 0 211 
1 283 1 34 221 
1 344 1 38 226 
1405 1 4 1 231 
1 4 6 9 145 232 
1 5 3 3 1 4 8 248 
1599 1 5 2 246 
1 666 1 5 6 265 
1 735 1 6 0 269 
( B ) l % N O - H e 185 К 0 625 0 673 20 8 
0 667 0 709 26 0 
0 711 0 743 30 3 
0 756 0 779 34 6 
0 802 0 813 42 5 
О 850 0 848 48 2 
О 899 0 883 52 5 
0 950 0 919 611 
1002 0 955 68 6 
1055 0 992 75 5 
1111 1029 919 
(C)10%NO-H2 175 К 0 584 0 624 14 8 
0 625 0 658 17 8 
0 667 0 692 217 
0 711 0 725 25 0 
О 756 0 759 29 б 
О 802 0 793 34 6 
0 850 0 827 411 
0 899 0 861 47 3 
О 950 0 897 55 1 
1002 0 933 618 
(D) 10% NO-He 135 К 0 434 0 470 5 3 
О 469 0 500 6 2 
О 506 0 529 7 7 
О 544 0 559 9 2 
0 584 0 588 10 9 
0 625 0 617 13 0 
О 667 0 647 15 4 
0 711 0 678 19 1 
О 756 0 709 24 5 
О 802 0 742 28 О 
О 850 0 772 35 9 

























































































(Continued on next page) 
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Table 1 (Continued) 
Seeding 
mixture 
(E) 1% NO -Нг 160 К 



















































































' The accuracy is estimated to be better than 5% for Гц, o;,„(exp), »/,„(£, 7"= 160 K) and better than 0 5% (0 8%) for Enom (£) 
b) The scaling factor о/,„(Г|| = 160 Ю/о/^ СГц) amounts to I 02, 0 95, 0 97, 1 05, 1 00 and 0 97 for A, B, C, D, E and F, respectively 
c) The stagnation pressure equals 2 00 bar for A and E, and 1 33 bar for В, С D and F 
overlapping seeding mixtures (NO-H2, He) The differ­
ence in themilummescent yield as found in ref [8] for 
H2 and He as carrier gas was not observed by us 
The influence of the internal state distribution is in­
vestigated varying the pressure behind the nozzle and 
thus Гц at a constant u
n o n l setting of the velocity selec­
tor Although the variation of EXl introduced by this 
method is small, considerable but well established de-
convolution corrections had to be made to reduce all 
data to a single translational energy, for convenience 
chosen to be E
nom
 (see table 2) In fig 4 the resulting 
σ
Λ
„ is plotted as a function of Гц, the internal energy 
dependence was found to be described simply by 
^ | | ) = tór/£threshold)375 
X(l + « Wy^thresholdb (Π) 
for 0 62 eV < ftr < 0 84 eV and Ε,,,^οΐ,ι = 0 129 eV, 
a = 4 S ± 0 5 An increase of about a factor 1 5 in σ^
ν 
is observed when Гц is increased from 100 to 300 K. 
4. Transformation of σ
Λι
,(εχρ) into a chemilummescent 
reaction cross section <г
Лі
, 
To determine the chemilummescent reaction cross 
section σ ,^, from the experimental cross section о^Дехр) 
the procedure is as follows The velocity distribution 
of the NO beam density at the scattering center was 
calculated numerically* using the values of S and u
s 
determined with the procedures as described in section 
2 The angular distribution of the O3 molecules emitted 
by the effuser may be described to a good approxima­
tion [22] at our conditions ( p
e t f « 0 3 mbar, trans-
parancy = 50%, channel length = 0 05 cm, channel ra­
dius = 8 9 Χ 10 _ 4 cm) with the equations given by 
Zugenmaier [23] The secondary beam velocity distri­
bution is expected to be maxwelhan [22]. Under these 
assumptions the translational energy distribution of the 
* Specifications of the dual range velocity selector, Parameters 
arc chosen according to ref [17], number of disks9, diameter 
of disks 18 4 cm, number of sütsper disk 290, length of slits 
in radial direction 0 65 cm, average disk radius r = 8 8 cm, 
disk thicknessd = 0 1 cm,L= 12cm, 4 = 0 4772,0 = 0 00833, 
foi good and poor resolution respectively, φ = 0 1734, 0 0867, 
1 = 0 05966, 0 11932, 2чС (6 =0) = 4 35, 8 7 m 
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Table 2 






0 62 eV b) 



































































































' Accuracy as in table 1 
b) The corresponding stagnation pressures are 2 93, 2 47, 2 00, 1 67,1 33 and 0 67 bar, respectively 
c) The corresponding stagnation pressures are 2 93, 2 47, 2 00, 1 67, 1 33 and 1 01 bar respectively 
colliding beams is calculated with a computer program* 
employing a 3 dimensional optimalized Zaremba inte-
gration lattice [25] of 1958 points The resulting trans-
lational energy distribution is narrow (ΔΕ/Ε * 20% 
fwhm) We describe the energy dependence by a simple 
power law, σ
Λι
, <* E"t, where η is adopted to reproduce 
the data in the probed £ t r region The averaged trans­
lational energy, ÊtI, as well as the correction upon 
σ
Λι
,(εχρ) due to the finite width of the E^ distribution 
at EXl are calculated This last correction is found to be 
small (¿10%) (see tables 1 and 2) and depends only 
slightly on the O3 target motion More important is the 
difference between Enom (the translational energy cor-
responding with the nominal transmitted velocity through 
the velocity selector) and £ t r The Étt - Enom differ-
ence increases strongly in the extreme tails of the velocity 
distribution In these tails no measurements were done 
The large correction factors of table 2 utilizing 
* The program is a modification of the one made by D Klaassen 
[24| 
"AÄorn) = (^пот/^гУЧ.Діг) a r e т а т 1 У c a u s e d 
by this difference 
5 Interpretation and discussion 
Empincally the beam temperature, Гц, used as ordi­
nate in Tig 4, characterizes the internal state distribution 
of the NO molecules in the beam By lack of accurate 
measurements we have to esimiate the relaxation for 
specific internal degrees of freedom due to the nozzle 
expansion 
For CsF and LiF the vibrational relaxation in seeded 
beams [26a,b] has been studied for our experimental 
situation (1 ^p0d <, 10 mbar cm) The collision num­
ber Ζ for vibrational relaxation of NO [27-29] is at 
least two orders of magnitude larger than for LiF—Ar 
We expect the NO vibration to be virtually unrelaxed, 
1 e about 8% of the NO molecules are in an excited 




 = 1065 К 
The rotational relaxation in seeded beams has been 
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Fig 3 The translational energy dependence of the chcmilumi-
nescent reaction cross section σ/,„ in arbitrary units. AU data 
points are reduced to a beam temperature of Гц = 160 К using 
eq (11) 
studied for CsF [20] and OCS [21 ] A thermal distn-
For the case of NO 
Relaxation of the electronic population (fine struc­
ture spin doublet £'(Пзу2)-£'(П 1 / 2)= 121 c m - 1 ) 
does occur rapidly in bulk [27] as well as in nozzle 
beams [12a,30,31] Although no quantitative data are 
available, we assume again Г
е
| = Гц 
The averaged rotational and electronic energy of the 
NO molecule can be calculated from 
¿int = ¿rot + ¿«l = W | + [£-(Пз/2) -£·(Π 1 / 2 )] 
XO + expipaij/^-tfai^)]/*?·,})-1 (12) 
£ l n t is indicated as upper abscissa in fig 4 
The rotational energy forms the largest contribution 
(¿70%)to£ ; i n t Combination of eq (12) and (10) 
makes it possible to compare directly the efficiency of 
¿imt and£ t I in promoting chemiluminescence for 0 62 
< £ · „ < 0 84 eV and 0 01 <Ё
Ш
 < 0 03 eV As a typical 









































Fig 4 The internal temperature dependence of o^ at 3 differ­
ent transía tío nal energies On the lower abscissa is given the 
beam temperature, on the upper abscissa the internal energy, 
calculated using eq (12) β/,μ is scaled as m fig 3 
? £ Α Α
= 4 5 ± 0 5 
30 A „/3£ t I 
(13) 
Rather surprisingly, the chemiluminescent yield is re­
markably energy selective far from the threshold 
Redpath et al [8,9] explained this selectivity by as­
suming that the Π3/2 -state leads to chemiluminescence 
only In fig 5 we plot σ
Λ ι / as a function of the percen­
tage of NO beam molecules in the Π 3/2 state Within 
our experimental accuracy we find a linear dependence 
leading to a ratio 
ο
Α ι
, ( Π 1 / 2 ) / σ Α ι , ( Π 3 / 2 ) « 0 2 7 ± 0 03 
This result falls within the range of values 0 0 0 - 0 25 
obtained by Redpath et al [9] for the threshold range 
after a complicated analysis It is impossible to con­
clude from our data whether the Гц -dependence of 
σ
Α ν
 originates from a rotational energy or electronic 
fine structure dependent chemiluminescent cross section 
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Fig. 5. Chemiluminescent reaction cross section σ^ μ as a func­
tion of the percentage of NO molecules in the П3/3 state. From 
the linear behaviour one obtains а/иЛПі/з) =(0.27 ±0.03) X 
0
А|<(Пз/2)· 
Redpath et al. [9] obtained an absolute cross section 
by a calibration using the thermal rate constant [1]. If 
we extrapolate their data to our (7Al,(ZrtI), then our fig. 
3 and table 1 yield а ^ Д П з ^ , ^ , ) in A2 instead of 
arbitrary units. This calibration results in an unaccept-
ably high cross section for the П3/2 state ^ „ ( П з ^ . ^ і ) 
= 300A2 at І.бе . 
In contrast to the low energy beam [9] and bulk 
data [1] there is some vibrational excitation present in 
our NO beam. Using the thermal rate enhancement of 
ref. [14] as a crude esimiate, σ
Λι
, will be increased by 
about 28%. Moreover, this increase is expected to occur 
over approximately the entire E
u
 region, becoming 
smaller for highE
u
 [10]. This effect cannot be of much 
influence upon the absolute value of σ
Λμ, found by us 
a t i t r = 1.6eV. 
Besides strong quenching, the chemiluminescent 
spectra of the bulk measurements of ref. [1] are broad 
banded and peaked in the infrared (λ = 1200 nm). 
Due to less sensitivity in the infrared region only 3.5% 
of the emitted photons [1,2b] are blue enough to fall 
within the sensitive range, λ ¿ 870 nm, of our photo-
multiplier. For the multiplier used by Redpath [9] 
(RCA 6217) this percentage is even more than an order 
of magnitude smaller. The high translational energies 
m the beam experiments can possibly lead to an in-
crease in internal energy of the NOJ molecules. This 
will show up as a blue shift of the chemiluminescent 
spectrum. (Such a shift towards more emission in the 
visible and near infrared region with translational 
energy is already detectable in fig. 8 of ref. [9]. 
Chemiluminescent detectors wjth less sensitivity in the 
red region have steeper excitation curves (see fig. 5 of 
ref. [9]).) The blue shift of the photon spectral distri-
bution with increasing En is quantitatively unknown, 
unfortunately. With the help of the measured absolute 
rate constant (near threshold) [1] the total chemilumi-
nescent reaction cross section was calculated by 
Redpath [9] ; through this absolute reference point the 
experimental excitation curve was drawn. However, 
near threshold the chemiluminescent cross section σ
Λ
„ 
of visible photons is about a factor 10 - 3 smaller than 
the total chemiluminescent one. Thus, for absolute cali­
bration of O/,„(113/2 >^tr) ^ 1 6 reference point is about 
a factor I O - 3 lower than the one used by Redpath et 
al. yielding as order of magnitude estimate only 
о
А
„(Пз / 2,£', г = 1.6е ) * 0 . 3 А 2 
A strong increase of an exothermal reaction cross 
section with translational energy is uncommon [10]. 
For chemiluminescent exothermic reactions it may 
occur [32] as consequence of a branching process [33, 
34] where the chemiluminescent channel competes 
with the reaction channel leading to electronic ground 
state products [eq. (I)] . 
This branching picture may possibly give also an ex­
planation for the tendency of σ
Α
„ to show some levelling 
off at E
u
 > 1.4 eV. New reaction paths, the dissociation 
of O3 (dissociation energy = 1.2 eV) or NO^ are possible. 
Further experimental work on this reaction with a 
pure state selected NO beam is in progress. 
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ChapteA 3 
REACTIVE SCATTERING WITH A STATE SELECTED BEAM, 
THE INFLUENCE OF THE INTERNAL STATE AND ORIENTATION OF NO 
UPON THE CHEMILUMINESCENT REACTIVITY WITH O3 
D VAN DEN ENDE and S STOLTE 
Fysisch Laboratorium Katholieke ünnersiteit 6525 ED Nijmegen The Netherlands 
Received 4 October 1980 
A strong dependence upon the rotational energy and no dependence upon the fine structure state has been observed for 
the exothermic chemduminescent reaction NO + O3 -* NO2 + O2 Collisions with the N-end of the NO molecule appear to 
be a factor 1 7 more reactive than collisions with the О end 
The reaction between NO and O3 has recently been 
studied with a molecular beam by several groups [1 — 
5] Moreover, potential energy surfaces are construct­
ed and trajectory calculations have been carried out by 
Chapman [6] 
Besides a strong translational energy dependence 
also a dependence upon the internal state of NO of 
the photon yield for the chemilumincscent channel of 
this reaction 
NO + O3 ->• NO2 + 0 2 + 0 43 eV 
• NOj + hv + O2 0) 
has been observed This dependence as found initially 
by Redpath et al [2] was attributed to a different 
reactivity of the electronic fine structure states ( 2 JI3/2 
and ^ П ^ ) of NO It was concluded that NO mole­
cules in the Π 312 state show a strongly enhanced 
chemiluminescent reactivity In a later study by van 
den Ende and Stolte [3] a linear dependence of the 
chemiluminescent reaction cross section, σ^, upon 
the translational temperature, Гц, of the NO molecules 
was found It was impossible to determine whether 
this dependence was due to the rotational energy or to 
the fine structure of the NO molecules Anderson et 
al [4] focused NO molecules with a magnetic sixpole 
field The photon yield of the focused NO molecules 
was found to be about a factor 3 S lower than that of 
the unfocused molecules The focused molecules were 
estimated to be more rotationally cooled than the 
unfocused molecules and to belong to the П3.2 
state These observations indicate that он» is smaller 
for the Ify2 state than for the П ^ state or strongly 
rotational dependent or a combination of these two ef­
fects 
In this communication we want to report about a 
study of o/,,, with a pure rotational, fine structure and 
velocity selected NO beam The state dependence of 
Ofu is measured directly 
The NO beam, seeded with H2 and expanding from 
a heated quartz nozzle (1000 K), passes an electric six-
pole field, a veloc.ty selector, and an O3 filled scat­
tering chamber before reaching the ionizer and qua-
drupole mass filter With sixpole and velocity selector, 
it is possible to focus one particular state of NO upon 
the entrance of the scattering chamber or detector 
due to linear Stark effect On/off modulation of the 
state selected signal is obtained by moving the six-
pole field, and so the image [7], bctweeen on and 
off axis position In fig 1, this modulation (Δ/) di 
vided by the unfocused total beam (¡0) is plotted as a 
function of the voltage difference between the sixpole 
rods for higher (lower) resolution of the velocity selec-
tor (Δυ/υ =5 1% (11 2%)) At the higher resolution, 
the peaks corresponding to the Π3/2Ο = 3/2) and the 
n^nit - 5/2) are well separated from the much stronger 
Π1/2Ο = 1/2) peak At lower resolution, at which the 
measurements are done for reason of intensity, the 
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Fig 1 Focusmg spectrum of NO for higher (dashed curve) and 
lower (solid curve) resolution Here has been focused on the 
detector entrance For focusing on the scattering chamber en­
trance the sixpole voltage has to be 1 189 times larger 
peaks are n o t as well resolved in consequence o f the 
velocity spread in the beam, but the П з д О = 3/2) 
peak is still sufficiently resolved Although beautiful 
work has been done [8—13] state selection produced 
with lasers still lacks pure I ¡, m ) reactant beams To 
the best of our knowledge this is the first reactive 
study with a pure I/, m^ selected beam From fig 1, 
one can estimate the electronic fine structure tem-
perature Tg] of the NO beam, assummg the rotational 
temperature is the same for 113^ 2 and П ^ states 
With Г
е1 = Δ£/[* In (Л/де/Д/зд)! in which Ь.Е 
= 121 cm - 1 is the energy difference between ñ^ 
and П3/2 state, one finds T
et » 98 К From the mea­
sured velocity distribution (speed ratio 5 = 8 and 
stream velocity u
s
 = 1878 m s - 1 ) one obtains for the 
translational temperature Tt with Г| = {'"^оЩІ 
S* к, Τ f « 100 К Within our accuracy we may state 
for these conditions 7"
e
i = 7Ί This observation sup­
ports the assumption Tt =» Tel of our earlier study 
[3] under similar conditions 
At a translational center-of mass energy of E
u 
= 0 35 eV the relative chemiluminescent reaction 
cross section σ^ „ is determined for the Π ^ Ο = 1/2) 
and Π3/2Ο = 3/2) state as well as for the unfocused 
beam by comparing the photon yield and the (unatten-
uated) beam signal We have obtained 





 2, ll2)lahv(T№ = 1 0 0 K) = 0 79 ± 0 OS 
and conclude 
%/Пз/2)/аАі,(І11/2) = 0 9 ± 0 2 
so there is no significant difference in chemilumines­
cent reactivity between the two fine structure states 
In earlier experiments [ 2 ] it was found that 
" A ^ O o C V W ^ U + a ^ t h i ) . (2) 
with о = 4 S ± 0 5 and Ethl = 0 129 eV Because there 
is no fine structure effect, we replace feT", by ÈIoV the 




 is plotted as function of Ëtot with in-
clusion of the pure state selected results All data 
points are within the accuracy in agreement with the 
numerical expression given above 
For purpose of orientation of the NO molecules, 
selected in the ïlj/ii/ = 3/2) state, the entrance and 
exit of the scattering chamber are equipped with 
copper plates Between these plates a strong electric 
field (5 kV/cm) can be applied parallel or antiparallel 
to the relative velocity These strong fields are neces-
sary to decouple the molecular spin from the rotation-
al motion of the molecular frame The electric dipole 
moment of NO points from N to О [14] Due to the 
[erb units] 
Ohv , :oa ш 
1 - ^ ^ ^ 
¡1 
0 B - ^ o 
^ i - " ^ • r - ^ 
Etr 
0 061 *v 
0 76.V 
α β 4 · ν 
0 3S»V 
^, 
Fig 2 a/t,, as function of £
r o
t AU data points from ref [2) 
(open symbols) aie reduced to Etr ^ 0 35 eV by setting o/,„ 
= ah
 v
 (Etp EjotVf^ 7S The solid symbols represents the (in­
dependently measured) "state selected beam" results 
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positive Stark effect of the selected state, this dipole 
moment will preferably be onented antiparallel to 
the electric field [15,16] This alignment is given by 
the cosine of the angle between the molecular dipole 
axis and the electric field direction ι e (cos Θ) 
- —m; ill; (/ + 1) = 0 6 By choosing the electric field 
parallel to υ
Ν 0 we orient the incoming NO molecule 
with the N side in front, which gives a photon signal 
ƒ„, by chosing the electric field antiparallel to u N 0 we 
orient the incoming NO molecule with the О side in 
front which gives a photon signal /
a
 The ratio of these 
signals was found to be /
a
// p = 0 74 ± 0 02 
The NO molecule behaves rather spherical at ther 
mal collisions [17] Therefore, we used for interpreta­
tion the hard-sphere model of Beuhler and Bernstein 
[18], in which the NO molecule before the "transi­
tion configuration" is represented by a sphere equal­
ly divided in an O-region and an N-region We assume 
collisions have a distinguished reaction probability 
when the NO sphere is attacked in the N-regjon (the 
so called "head" configuration) or on the O-region 
("tails" configuration) [19] The ratio of tail and head 
collisions is simply given by the ratio of the projected 
N- and O-hemisphere areas upon a plane perpendicular 
to the reactive velocity [16] The reaction cross sec­
tion can be expressed as 
σ
Α
„ = ì ( l + cos Ö H ^ t a d ) 
+ ì ( l - c o s e ) o A „ ( h e a d ) (3) 
From this equation we can calculate the ratio ohv 
(head)/oAl,(tail) for perfect orientation of the NO 
molecules 
aA„(head)/oA l , ( la i l )=166±0 05 
Further work on this project is m progress Details 
will be published elsewhere 
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THE INFLUENCE OF THE INTERNAL STATE AND ORIENTATION OF NO 
UPON THE CHEMILUMINESCENT REACTIVITY WITH О. И 
4.1 INTRODUCTION 
The reaction between NO and 0 has been studied quite extensively. 
Due to the exothermicity of 2.08 eV not only ground state NO. and 0. 
can be produced but electronically excited species, too. In 1967 Clough 
and Thrush (ref.l) found in a bulk experiment that 7.4% of the NO. was 
excited at 300 K, but 0. has never been observed in an electronically 
excited state (ref.2). 
For both channels an enhancement of the reaction rate is possible 
by selective vibrational excitation of N0 or 0,. In bulk, at energies 
near threshold (E =0.129+0.013 eV), several experiments (ref.3-8) 
show an enhancement by a factor 3-8. 
The chemiluminescent channel of the reaction has been studied by 
some groups using the molecular beam technique (ref.9-12). Near 
threshold Redpath et al. (.reí.9) observed a strong increase of the 
chemiluminescent reaction cross section, о with translational 
hv 
energy, E . Surprisingly van den Ende and Stolte (réf.10) found this 
steep dependence at higher translational energies,too, with some 
leveling off at E =1 eV. Besides the translational energy dependence 
also a dependence of the internal energy of the N0 molecules was 
reported by van den Ende and Stolte as well as by Redpath et al. It 
was not possible to decide whether this dependence was due to the 
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Figure 4.1 : Sohematia view of the apparatus; sizes in mm; so, NO source; sk, skimmer (only one of the 
two is shown); ss3 state selector; v.s, velocity selector; so, scattering chamber; mr, ^ι,^-ζι mirror and 
lenses system; pmt, photomultiplier; io, ionizer; qmf, quadrupole mass filter, 
rotational energy or to the fine structure state of the NO molecules. 
Anderson et at. focused NO molecules by a magnetic hexapole field 
upon an 0, target. The photon yield for the focused molecules was about 
6% smaller than that for the unfocused ones. By focusing the beam is 
2 
enriched with NO molecules belonging to the Π .^ fine structure state 
with low values for the rotational quantum number J; actually the 
focused beam is rotationally cooled with respect to the unfocused beam. 
Again it turned out to be very hard to distinguish the influence of the 
fine structure state from that of the rotational energy (ref.12). 
In this molecular beam study we investigate the chemiluminescence 
of the N0-0., reaction in the visible, utilizing a fully state selected 
NO beam, in order to separate the NO fine structure dependence from 
the influence of the rotational energy upon σ . 
In the second part of this study the NO molecules selected in the 
1/9 (J=3/2) state, are oriented in the scattering region. In this way 
it is possible to determine σ for different (J,M) states of NO (M 
stands for the projection of J upon the relative velocity) and one 
obtains information about the geometry of the reactive collision. 
4.2 EXPERIMENTAL SET UP 
A.2.1 SKETCH OF THE MACHINE 
The apparatus used is schematically shown in figure 4.1. It 
consists of eight differentially pumped compartments. In the first 
one the source is mounted, from which the NO beam expands (see 4.2.2). 
Two centimeter down stream the beam passes through the first skimmer 
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(0=1 mm), which separates the source compartment from the buffer 
chamber and after another eight centimeter through the second skimmer 
(0=1.75 mm), the separation between the buffer- and the third 
compartment. Here one finds the sixpole used for state selection (see 
4.2.3). In the fourth vacuum chamber a chopper is mounted for 
modulation of the unfocused beam, in the fifth a velocity selector and 
a diaphragm. The slotted disk-type velocity selector was discussed 
extensively in earlier publications (ref.10,13). The diaphragm serves 
to optically close the beam path such that no light from the heated 
nozzle reaches the scattering chamber in the sixth vacuum appartment, 
where the NO beam is attenuated by the 0, target. 
The chemiluminescence is observed by a photoraultiplier 
(RCA С 31034A) cooled to -20OC. To enlarge the "viewing" solid angle 
Sip, a confocal mirror (R=6 cm) and two aspheric lenses (6 cm 0, 
f/0=0.7) are used to image the scatter centre upon the first dynode of 
the photomultiplier (Ω-/4π=0.16). The photons are counted with a 
"digital lock-in" counting system (Ortec Brookdeal 5cl). 
After passing through a buffer compartment, for vacuum separation, 
the NO beam ultimately reaches the detector, an efficient ionizer (ref. 
14) followed by a quadrupole mass filter (Riber QS 100) and a 
channeltron. 
4.2.2 THE N0 BEAM 
Because the distance is rather large between source and scatter 
cell, one needs an intense NO beam. Moreover, high beam velocities are 
required, due to the strong increase of the reaction probability with 
34 
increasing translational energy. Beam temperatures are needed of about 
100 К or more; otherwise the population of the selected state of NO is 
not high enough. 
To produce a beam with the wanted intensity, velocity and 
temperature, a quartz nozzle source (nozzle diameter 115 ym) heated by 
a Rhenium ribbon to temperatures between 700 and 1000 К is used; the 
N0 was seeded with H» (total stagnation pressure ρ =1 Atm.). Typical 
beam conditions are given in table 4.1. 
Seeding Mixture Τ (К) S Τ,,ΟΟ ν (m/s) 
ο // s 
20% N0-80% Η 750 8 100 1880 
10% N0-90% Η 900 9 160 2660 
Table 4.1 : Typical beam conditions. Τ stands for the stagnation 
temperature while S, T,. and ν represent the speedratio, 
translational temperature and stream velocity of the beam. 
2 2 
For each state ( Π. .„, П-з/т) t 0 be selected, the sixpole limits the 
beam velocity (see 4.2.3). Therefore, two different seeding mixtures 
are used, with strongly different stream velocities, ν . These values 
are obtained together with the values for the speedratio S by 
measuring the velocity distribution of the beam (ref.10). The trans­
lational temperature Τ, , can be calculated: 
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T / / E l / 2 % 0 V s / ( k S 2 ) · ( 4 Л ) 
m
 n
 stands for the mass of the N0 molecule, к for the Boltzmann 
constant. From calibration with a pure Ar beam the source temperature 
Τ was established (ref.10). 
о 
The source compartment was pumped by a 1500 1/sec.diffusion pump, 
a 25 1/sec. roots pump and a 2.2 1/sec. backing pump in series. In 
this configuration stable NO beams were obtained with a total flow 
rate N upto 1.5 torr liter/sec. We estimate the foreward NO intensity 
18 —1 — 1 * 
to be I =2x10 (sr sec ), using a peaking factor κΞπ! /Ν equal to 
1.5 as given by Beyerinck and Verster (ref.15). 
4.2.3 THE STATE SELECTOR 
State selection is achieved by the combination of a mechanical 
velocity selector and a sixpole. This electric sixpole consists in 
fact of two rigidly connected independent sixpoles with a total length 
of 1.65 m. The diameter of the rods is equal to the inner radius, r , 
о 
of the sixpole (4 mm). We found a maximum voltage difference between 
neighbouring electrodes of 38 kv, before sparking occurs. 
In a strong electric field (e>3kv/cm) the Stark energy of a NO 
2 
molecule in the Π (J,M) state is given by 
„ Ω Μ ,. .. 
υ
"
μ 7 ΰ ϊ π ε · ( 4 · 2 ) 
μ is the electric dipole moment of NO (0.16 D) , J the angular momentum 
and Ω (M) the projection of J upon the molecular axis (external ε 
36 
axis). The electric field inside the sixpole is given by ε(Γ)= 
3/2(V/r3)r2, with r the distance to the sixpole axis and V the 
о 
potential difference between two adjacent rods. In this field the NO 
molecule experiences a radial force F proportial to r 
F(r)=-6U/6r=-(6U/6
e
) (¿e/6r)=3uJ(j")(V/r3)r (4.3) 
Molecules with a positive value of fiM will be deflected out of the 
beam and molecules with ΩΜ<0 start an oscillatory motion» These latter 
molecules will be focused on the beam axis a certain distance L behind 
the sixpole, depending on the velocity ν (fixed by setting the velocity 
selector to a well defined rotation frequency) and the internal state 
of the NO molecule as well as the sixpole voltage V, i.e. 
L=L(V/v2;J,n,M) (4.4) 
Molecules in a particular (J,n,M) state with velocity ν are focused in 
a sharp spot upon the entrance E. of the scattering chamber (or E„ of 
the detector) by adjusting V, such that L equals the distance between 
sixpole and scattering chamber (respectively detector), as shown in 
figure 4.2. Other states with positive Stark energy form a broad 
background. 
For modulation of the state selected signal the far end of the 
sixpole can be moved in a horizontal plane between two positions; in 
one position the center of the focal spot coincides with the center 
of the entrance E- (or E„), in the other position the spot is displaced 
by about the spot width (figure 4.2). Modulation is achieved by 
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Figure 4.2 : Total beam intensity, measured as function of the distance 
from the detector opening to the sistole axis; the resolution is 
determined by the width D of the opening; position (a) detector on caris, 
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Figuve 4.3 : Focusing speatnm of NO for higher (dashed curve) and 
lower (solid аште) resolution of the velocity selector, which was 
tuned to vNO=1900 m/s; here has been focused upon the detector 
entrance; for focusing on the scattering chamber entrance the sixpole 
voltage has to be a factor 1.189 larger. 
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"wobbling" the sixpole between these two positions at a frequency of 
2.5 Hz. 
By tuning the sixpole voltage we are able to select different 
states. Figure 4.3 shows such a focusing spectrum for higher (dashed 
curve) and lower resolution (solid curve) of the velocity selector 
(Δν/ν=5.1% and 11.2% respectively). For states with the highest value 
of |S2M/(J2+J)| the lowest focusing voltage is found. One should expect 
that the peak of the (Л=|й|=|м|=1/2) state coincides with the 
(J=|M|=7/2, |n|=3/2) peak (iiM/(J2+J)=-l/3), but due to the quadratic 
2 
Stark effect at lower fields, the Π ,„ peak shifts towards a higher 
voltage, relatively. 
At higher velocity resolution the peaks corresponding to the 
3/2 (J=lMl=3/2) and Π ,. (J=|M|=5/2) state are well separated from 
the much stronger ^,/9 (J _|M| = 1/2) peak. However, at lower resolution 
2 *) 
the peaks are still sufficiently resolved, i.e. pure Πι ι(J) state 
selected beams are obtained for both values of Δν/ν. 
4.2.4 THE SCATTERING CHAMBER 
For this study a scattering chamber with the following properties 
is needed: (i) to observe the chemiluminescence the system should be 
optically open; (ii) to supress the ozone recombination on the walls, 
the cell must be cooled below 160 K; (iii) to allow molecular 
*) Behind the sixpole the electric field vanishes and the quantum 









Figure 4,4 : Sahematio drauing of the eoattevvng ahamber; the shaded 
areas indicate the gold coated copper plates; the quartz windows are 
not drawn. 
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orientation inside the scattering chamber, strong electric fields are 
necessary. 
A cell is constructed of boron nitride (a good heat conductor and 
electrical insulator) with quartz viewing windows, mounted on a copper 
cooling surface through which liquid nitrogen can circulate. Figure 4.4 
shows a schematic drawing. The ozone is admitted by a needle valve and 
pumped off (together with reaction products) by a diffusion pump. The 
-2 
pressure inside the scattering chamber amounts to 5x10 Pascal, 
typically, as measured by a Barocel electronic manometer (Datametrics 
1173). The 0_ is produced as described in ref.16. 
Entrance and exit are formed by gold coated copper plates. 
Between these plates a strong electric field can be applied parallel 
or antiparallel to the NO velocity (ε =5 kV/cm). Furthermore, eight 
stainless steel pins have been inserted to screen off possible surface 
charges on the quartz windows, which could perturb the electric field 
along the beam axis. Keeping these pins on the right potentials the 
homogeneity of the field is improved, too, as shown in figure 4.5. The 
electric field shown is calculated from the potential along the beam 
axis. 
The potential in a certain point in space is the average of the 
potential of its surroundings. With this property the potential in-
and outside the scattering chamber has been calculated in an iterative 
way, keeping the potential on the conductors constant (boundary 
condition) and using a two-dimensional lattice. 
The magnetic field in the scattering region is compensated by 
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Figure 4.5 : The electric field along the beam path through the 
scattering cell; ζ gives the position of the entrance, z~ the 
position of the exit of the cell; the copper plate at ζ is grounded, 
the one at з7 has a potential 7=19 k7; the solid curve represents the 
field with rods inside the scattering chamber; the dotted curve with­
out rods. 
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4.3 THE ELECTRONIC FINE STRUCTURE TEMPERATURE 
From a focusing spectrum as given in figure 4.3 the electronic 
fine structure temperature of the NO beam, Τ ., can be estimated by 
comparing the intensities of the Π . (J=|M|=1/2) and the 
Π
 / 2 (J=|M|=3/2) peak (ΔΙ(1/2), ΔΙ(3/2) respectively). Τ is defined 
by 
Т
е1ЕДЕ/{к In (f(n]/2)/f(n3/2))} 
In this equation ί(Π . ), f(Π .„) stands for the occupation of the 
-2 
Π ._, TT_._ fine structure state and ΔΕ=1.50x10 eV for the energy 
difference between these two states. 
The intensities ΔΙ(1/2) and ΔΙ(3/2) are proportional to the 
fraction of NO molecules in the Π ,. (J=|M|=1/2) and the 
TT ._ (J=|M|=3/2) state respectively. For a rotational temperature 
Τ ^ (which is assumed to be the same for the two fine structure 
rot 
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The accuracy of the measured ratio ΔΙ(1/2)/ΔΙ(3/2) is influenced by 
the mechanical alignment of the sixpole and the slightly different 
focusing behaviour of the Π. ._ state. From successive measurements we 
conclude that the value of this ratio can be obtained with an 
uncertainty of 10%. 
The rotational temperature in the beam relaxes to a value between 
the final translational temperature T,, and the nozzle temperature Τ . 
Moreover Τ ^ is assumed to be equal to T,,, as is observed in seeded 
rot // 
beams for CsF (ref.17) and OCS (ref.18). For this reason the value of 
ln(q .„/Q , )-3B/(kT ) is at least a factor 4 smaller than the 
uncertainty in 1η(ΔΙ(1/2)/ΔΙ(3/2)), in equation 4.5. With 
ΔΙ(1/2)/ΔΙ(3/2)=5.5±0.5 one calculates Τ =(102+6)K, while 
Τ, ,= (100±3)K; thus, under these experimental conditions we find 
T
 i = T / / el // 
This observation justifies the assumption Τ -ι-Τ/ι in an earlier study 
with a simular beam expansion (ref.10). 
4.4 THE INFLUENCE OF THE INTERNAL ENERGY UPON σ, 
hv 
4.4.1 EXPERIMENTAL PROCEDURE 
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For a focused Π (J) state the relative chemiluminescent cross 
section σ is determined by comparing the photon yield, divided by the 
unattenuated beam signal, I . (J,n)/n(J,fì), with that of the unfocused 
ph 
beam, I , (unfoc)/n , i.e. 
pn о 
I (J,n) / I (unfoc) 
σ. (J,fi)/a. (T..)» P , T n, / -22 . (4.6) 
hv ' hv // n(J,n) / η 
σ
ι_ (Τ//) stands for the chemiluminescent cross section of the unfocused hvv //' 
beam whose state distribution is supposed to be characterised by T,,. 
The unattenuated focused beam signal is obtained by focusing upon 
the detector entrance, while the scattering chamber is lifted out of 
the beam path;next the ratio n(J,ft)/n in the scattering cell is 
calculated taking into account the different solid angles for 
scattering cell and detector, which influence the unfocused as well as 
the focused signal. The correction factor 
о j detector/ \ о / scattering chamber 
amounts to к=1.4+0.1. 
Direct comparison - by focusing upon the scattering cell - is 
impossible because not all molecules focused in the cell would reach 
the detector opening. 
In order to obtain a photon signal as large as possible one 
3 75 
should use high beam velocities because σ, = E * (réf.10); the 
highest velocity , however, is determined by the maximum sixpole 
voltage. For the Π . (J=l/2) state the maximum velocity is 1900 m/s 
46 
and for the Π . (J=3/2) state 2700 m/s. Also the ozone density is of 
influence upon the photon yield. In figure 4.6 the photon signals 
I . (J=n=3/2) and I , (unfoc) are given as function of the 0, pressure, 
pn ph J 
as well as the attenuation of the unfocused beam n/n . A linear 
о 
-2 behaviour is observed up to 7x10 Pascal, for the photon signals and 
for the logarithm of the attenuation. The experiments are performed 
-2 . . 
at an 0, pressure of about 4x10 Pascal yielding a typical count rate 
of 250 c/sec for the unfocused beam. 
4.4.2 THE FINE STRUCTURE DEPENDENCE 
In table 4.2 the measured ratios of the photon and beam signals 
are given together with the values of σ, (.Ι,Ω) relative to 
κσ, (Τ,,= 100 К ) , which are calculated using equation 4.6 and 4.7. For 
ν =1900 m/s (the velocity the selector is set to) the values for 
nom 
σ, (3=Ω=3/2)/(κσ, (T..=100 К)) are rather inaccurate. Therefore, we have 
measured these cross sections also at higher translational energies. 
At ν =2200 m/s the beam temperature was slightly different 
(T//=125 K).The values of σ (і,П)/(ка (T..)) are then reduced to 
those for T,,=100 K, in the following manner. According to equation 11 
of (ref.10) 
^г^/Ч^Чг/ 3·75 ('-«///ν ( 4 · 8 ) 
with E =0.129 eV, the threshold energy and a=4.5±0.5. Using equation 
4.8 one obtains a L (T.^125 K) = 1.06 σ,_ (T..= 100 К ) . hvv // hvv // 
47 
Po31 N T Pascal) 
Figure 4.6 : The attenuated beam signal, η/η , and the photon signals 
for the unfocused and the Π „ state selected beam as function of the 
































2.66 ± 0.25 
2.06 ± 0.28 
0.37 ± 0.08 
0.28 ± 0.08 
0.36 ± 0.04 
0.39 ± 0.03 
0.37 ± 0.02 
0.35 ± 0.04 
ίηυ,ηλ 










K Ohv ( T// = 1 0 0 K ) 
0.52 ± 0.03 
0.46 ± 0.04 
0.47 ± 0.10 
0.37 ± 0.10 
0.49 ± 0.05 
0.53 ± 0.04 
0.50 ± 0.03 
0.45 ± 0.05 
Table 4.2 The measured ratios of the photon and beam signals together 
with the values of σ, (J,Ω) relative to κσ (T.,=100 К) for 
different beam temperatures and velocities. 
From table 4.2 we conclude 
a h v ( J = n = l / 2 ) / a h v ( T . .= 100 K) = (0.49 ± 0.03) к = 0 . 6 9 ± 0 . 0 8 
and 
a, (J=n=3/2)/a (T. .= 100 K) = (0.48 + 0.02) к = 0.67 + 0.07 
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yielding 
" h v ^ ' W ^ =0·98±0.07. 
There is no difference in chemiluminescent reactivity between the two 
fine structure states of NO. 
4.4.3 THE ROTATIONAL ENERGY DEPENDENCE 
The temperature T.. is considered to be a parameter for both the 
mean rotational energy and the fine structure energy distribution 
(section 4.3). Because there is no influence of the fine structure 
state upon σ , the previously observed dependence (ref.10) upon the 
translational temperature (equation 4.8) has to be regarded as a 
rotational effect. In equation 4.8 we replace kT,, by E ^, the 
I l rot 
mean rotational energy. If the mean rotational energy for the 
Π . (J=l/2) state is replaced by 3/4 В= 1.8 К and for the Π . (J=3/2) 
state by 15/4 В = 9.2 К one finds with the linear dependence given by 
equation 4.8 
ahv(J=n=l/2)/a (T..= 100 K) = 0.77 ±0.02 
and 
aluj(J=fi=3/2)/aln)(T,.= I00 K) = 0.79 ±0.02 
50 
[arb. units] 
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Figure 4. 7 : The rotational energy dependence of the oheirtiZuminescent 
cross section σ, ; all data points from ref.10 are reduced to 
E -0.35 eV, see text. (Open symbols); the solid symbols represent 
the (independently measured) state selected beam results. 
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in fair agreement with the values obtained from table 4.2. 
The behaviour of σ, as function of E ^, observed for 
hv rot 
10<I <25 meV, can be extrapolated towards very low energies. This 
rot 
is illustrated in figure 4.7 where σ, (I ) is plotted. The data 
hv rot 
points of ref.10, open symbols, are reduced applying 
- - 3 75 
σ (Ε )=σ, (Ε ,Ε )/(E /E ) ' : thus they are independent of E. . 
hv4 rot7 hv tr' rot tr o J tr 
The state selected beam results are given by solid symbols. 
In conclusion, the chemiluminescent reaction probability can be 
enhanced not only by translational and vibrational energy but also by 
rotational energy of the N0 molecules. The electronic fine structure 
state, however, does not influence this probability. 
4.5 COMPARISON WITH OTHER EXPERIMENTS 
4.5.1 THE "TORONTO EXPERIMENT" 
The influence of the internal and translational energy has 
previously been studied by Redpath et al. (réf.9) in a beam gas 
experiment using seeded supersonic NO beams. The chemiluminescent cross 
section σ, was measured as function of the seeding ratio with H_ or He 
as carrier gas, at two different stagnation temperatures Τ . By changing 
the seeding concentration the mean translational energy E has been 
varied as well as the translational temperature of the beam, T.., 
together with the mean rotational energy E and the electronic fine 
structure energy E ., Actually, σ, has been investigated as function 
of E , E and E . in a rather complicated way because Ë and Τ,, 
tr rot el tr // 
were strongly correlated. For NO seeded with H. Redpath et al. 
52 
observed a linear relation between T., and E^ =iyv2 (in which μ 
// tr s 
stands for the reduced mass of the N0-0, system), i.e. 
T.^aCT )ЕПОт with o(T =281 K)=(4.4±0.9)102 K/eV and // о tr о 
ο(Τ =573 K)=(12±2)102 K/eV. The relation between the observed cross 
о 
section σ, (E ) and σ. (Е^ ,Τ,,) is given by 
hvv tr ' hv tr' // " J 
a;
v
(E^).D(E^) ƒ σ ^ ^ , Τ , , Χ Β ^ / Ε ^ ) f O ^ . E ^ d E ^ ^ 
D(E ) stands for the detector efficiency which slightly depended on 
E due to a blue shift of the photons for higher energies and 
f(E ,E ) represents the center of mass translational energy 
distribution. 
Redpath et dl. analysed their results by assuming 
σ, Œ (E /E -1) as translational energy dependence. Also a different 
reactivity for the Π1 ,. and TT .. fine structure states was supposed. 
They concluded their data were compatible with the conjecture that only 
the Π . state is chemiluminescent reactive; the threshold energy 
E =0.129±0.013 eV and the exponential factor n-2.4+0.5 were obtained. 
о
 r 
4.5.2 NEW ANALYSIS OF THE "TORONTO EXPERIMENT" 
From section 4.4 we know σ to be independent of the fine 
structure state, but to depend on the rotational energy. We have re-
analysed the measurements of Redpath et al., assuming a factorisation 
of σ. (Е^ ,Ё J , i.e. hv tr' rot ' 
o
u
 (Ε ,Ε )=σ50^ e (E )g (E ) . (4.10) 
ΙηΛ tr' rot' hv Btr tr 6rot v rot' v·»·'«/ 
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3 75 
For 0.5<E <1.0 eV we observed (ref.10) g^  (E )=(E /E ) ' .In the tr etr tr tr о 
low translational energy region, however, one has to account for 
the cut off at the threshold. Moreover, the spectrum of the emitted 
photons shows a blue shift with increasing translational energy. Instead 
of defining a detector efficiency D(E ) (see equation 4.9) we re­
define σ as pertaining to all the NO* molecules emitting in the 
energy range for which the detector is sensitive. In our analysis we 
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with E =0.13 eV standing for the threshold energy and D =0.48 eV for 
the exothermicity of the chemiluminescent channel. The exponential 
3 75 factors η and m are correlated due to the fact that gt (E )=(E /E ) ' 
"tr tr tr о 
for 0.5<Et <1.0 eV. tr 
A good fit to the data of Redpath et at. including both the hot 
(T =573 K) and cold (T =281 K) nozzle beams has been obtained for n=9.4 
о о 
and m=2.7. The rotational energy dependence is extracted from the 






Г> < / Str(Etr)(Etr/E-)i f(Etr,E-)dEtr }" (4.12) 
with E =kT,/=ka(T )E"
0m
 (see sections 4.4.3 and 4.5.1). 
rot // о tr 
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In figure 4.8 σ, is plotted as function of E ,_. The open 6
 hv ^ rot 
circles represent the deconvoluted Toronto-data obtained from our 
analysis. As indicated by bars the error in the data points is 
estimated to be 20% for both Ë ^ (due to the uncertainty in the 
rot ' 
relation between T,, and E ) and σ^ (as consequence of the error // tr hv M 
in the experimental data (10%) and the accuracy of the deconvolution 
(15%), which on its turn is determined by the uncertainty in T,,). 
For E < 25 meV the Toronto-results show the same linear 
rot 
increase of σ with increasing energy as observed in our experiment 
nv 
but at higher rotational energy σ tends to a stronger E 
dependence. 
In this analysis we have varied also the threshold energy E 
between 0.1 and 0.2 eV. It is possible to fit g (E ) to the data 
tr tr 
for every value of E with indeed different values for the exponential 
о 
factors η and m. The measurements of Redpath et dl. just above 
threshold are performed with NO beams with rather broad translational 
energy distributions. Therefore, no accurate value of E can be 
obtained from the available data. 
4.5.3 THE "HOUSTON EXPERIMENT" 
Also the experiment of Anderson et al. (réf.12) is concerned with 
the internal energy dependence of the chemiluminescent reaction 
probability of N0-0,. Their goal is the investigation of the fine 
structure influence, using magnetic state selection. A seeded NO beam 
passes through a magnetic sixpole and a scattering cell before it 
reaches an ionisation gauge detector. When the magnet is switched on, 
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Figure 4.8 : Comparison of the rotational energy dependences of σ, , 
obtained from three experiments; open drôles are the data of Redpath 
et al. (réf.9) - deaonvoluted with our method -, open squares represent 
the data of Anderson et al. and the solid symbols the data adopted from 
figure 4.7; the straight line results from the model given by equation 
4.8 with kT,/=Ë ., while the dashed curve represents the model, 
introduced by Anderson et al. (réf.12). 
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an increase of the beam signal is observed of ΔΙ/Ι =9.5% while the 
photon signal (detected from the cell) increases only by ÛS/S = 
(2.6+0.6)% i.e. the measured ratio for σ with magnet on and off 
amounts to o L (on)/aL (off)=0.937±0.005. hv hv 
In a magnetic sixpole field essentially N0 molecules in а Π .„ 
state with low J values are selected. Therefore, Anderson et al. 
present two alternative limiting explanations; either σ is in­
dependent of the rotation and shows a strong fine structure 
dependence - the Π . state is about five times more reactive than the 
Π , state - or σ, increases strongly with increasing rotational 
energy. For a more quantitative interpretation the rotational state 
distribution of the N0 beam has been determined for magnet on, with 
the unknown rotational temperature, Τ , as a free parameter. The 
state distribution for magnet off is assumed to be thermal, 
characterised by Τ and Τ ,. From these distributions the mean 
' rot el 
rotational energy of the N0 molecules passing through the cell has 
been calculated; I Лоп)/Ё ^(off )=0.98,0.97 and 0.96 for Τ „=20 К. 
' rot rot ' rot ' 
30 К and 50 K, respectively. 
Adopting σ to be proportional to Ε , the Houston group found 
an exponential factor η which depends on the rotational temperature; 
2<n<4 (the lower Τ the higher n). The rotational energy interval 
probed, however, is not exactly known and rather small. 
4.5.A COMPARISON OF THE THREE EXPERIMENTS 
Qualitatively, the second interpretation of Anderson et al., 
assuming no fine structure dependence, is in agreement with the 
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observations of Redpath et al. and ours. Quantitatively, however, a 
to strong rotational dependence is the consequence of this inter­
pretation of the Houston data. 
They applied their model (σ, ^ E J) also to the results of J r r
 hv rot 
Redpath et al. by comparing the observed chemiluminescence of two 
beams with the same mean translational energy but different 
translational temperatures (T , ,=450 К respectively 170 K). The 
influence of the translational energy, however, is not ruled out 
because the spread in velocity is larger for the hot beam than for 
the cold one. As consequence of the steep velocity dependence of 
σ, (σ. «ν ' ) fast molecules contribute much more to the observed cross hv hv 
section than slower molecules. If one corrects for this translational 
effect as described in section 4.5.2 the ratio σ, (Τ, ,=450 К ) / 
hv // 
σ (T..-170 К) amounts to 1.8+0.3 instead of 4.5±0.5 as adopted by 
Anderson et al. Using their model one concludes σ, Œ E with 
ь
 hv rot 
0.7<n<1.0 ; this is certainly not in agreement with the value they 
found for their own experiment; 2<n<4. 
In figure 4.8 the results of the three experiments are shown; the 
open circles represent the results of Redpath et al. (see section 4.5.2), 
the open squares those of Anderson et al. and the solid symbols 
represent our results, adopted from figure 4.7. The cross sections are 
all in arbitrary units and a scaling factor is applied. Indeed, very 
close agreement is found for the Toronto- and Nijmegen-results. In both 
cases the same linear increase is observed for E <25 meV. In the 
rot 
higher energy region, however, only probed by Redpath et al. the in­




=кТ / /) found for E <25 meV cannot be extrapolated to higher rot // rot r 6 
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rotational energies. 
The model suggested by Anderson et dl. (the dashed curve) fails 
completely, which is comprehensible because the two· data points, 
supporting this model, are very close in rotational energy. For 
E =3 meV nevertheless, the Houston data indicate a much stronger 
rot 
influence of E upon σ, than observed in our experiment. 
rot hv 
In the Nijmegen experiment it is shown that σ depends on E 
and E ,but not on the fine structure stat» of NO. With this 
rot 
knowledge, the results of Redpath et al. can be interpreted very well, 
those of Anderson et al. only in a qualitative way. 
4.6 THE INFLUENCE OF THE NO ORIENTATION UPON σ, 
hv 
4.6.1 EXPERIMENTAL PROCEDURE 
The influence of the NO orientation upon σ, is determined by 
focusing the NO molecules in the Π ._ (J=3/2) state upon the 
entrance of the scattering chamber and observing the photon yield 
Ф(е), as function of the electric field e, with ε parallel or anti-
parallel to the NO velocity, ν . To correct for possible changes in 
the 0, density or NO beam intensity, alternating with Φ(ε) the photon 
yield Φ(ε .) is measured, too, at a certain reference field ε j.. The 
ref ref 
relative chemiluminescent cross section, σ, (ε)/σ, (ε . ) , can thus be 
' hv hv ref ' 
determined directly. 
Initially we took ε
 f
= 0 . The values found at e=0 V/cm, however, 
did not reproduce better than within 30%, in a non-statistical way, 
probably due to some static surface charges; nor were the measurements 
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Table 4.3 The observed and calculated chemiluminescent cross section 
σ, for different field strengths, e , relative to the cross 
section at e= -5 kV/cm; for a, (calculated), see section 
4.6.4. 
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at low field strengths better. To overcome this problem, stainless steel 
rods were installed as described in section 4.2.4 and ε , was chosen to 
ref 
be-5 kV/cm. Although the photon signals reproduced much better, the 
photon yield at zero field remained inaccurate. Therefore, the data 
with |e| < 100 V/cm have not been used for the analysis. For 
|e| >^  100 V/cm the observed values for σ (ε) were now statistically 
distributed around their average value. 
4.6.2 EXPERIMENTAL RESULTS 
In table 4.3 the values of σ, (e) measured at a collision energy 
E =0.70 eV, are given, averaged over several runs. Negative values of 
-»• - * • . . -*• · * • 
ε correspond to ε parallel ν , positive values to ε antiparallel ν . 
In section 4.4.1 it was pointed out that the NO beam can be attenuated 
to 10% of the unattenuated beam without any deviation from the linear 
behaviour (see figure 4.6). To ensure no depolarisation of the NO beam 
occurs in the scattering cell, σ (ε=5000 V/cm)/a (ε=-5000 V/cm) is 
measured as function of the ozone density, see figure 4.9. No pressure 
-2 dependence is observed, even at 8x10 Pascal which corresponds to an 
attenuated signal n»0.005 η . No depolarisation of the NO beam has thus 
been detected. 
4.6.3 DESCRIPTION OF STATE AND ORIENTATION OF NO 
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Figure 4.9 : The ratio of photon signals at ε=5 kV/am lùith e+l-u^ « and 





,M)=(-)M-fi (|£ί) Dm ) ( a' ß' Y ) ( 4 · 1 4 ) 
owing to the decoupling of the nuclear spin I from the angular momentum 
J. In zero and weak field, however, the situation is more complicated 
(ref.19). Due to the hyperfine interaction the Π (j=3/2) state splits 
up into three F states - F=J+I, i.e. F=5/2, 3/2, 1/2 -. Moreover, as 
consequence of the interaction with the Π ,„ and Σ states there is a 
5/2 and a П 2 so called Λ splitting yielding a Π . and a n , / 7 state described by 
ψ(α,|Ω|±,Μ)=/Γ{Ψ(α,Ω,Μ) ±ψ(α,-Ω,Μ) } (A.i5) 
with |ß|=3/2. In zero field the Π (j=3/2) state yields the three 
doublets shown in figure 4.10. 
In an electric field ε one has the Stark interaction 
Η = -UEcosß where μ is the electric dipole moment of NO. This Stark 
st 
interaction produces mixing of different F levels, of opposite parity 
but with the same value of iL·, the projection of F upon the e axis, i.e. 
<F,,|n| . M J H |F,|n|
 yVL· > ?» 0. The Stark diagram (calculated by 
Meerts (ref.20) by numerical solution of the hamiltonian including 
hyperfine and Λ splitting) is shown in figure 4.10. On the right side 
of the diagram the four branches correspond to the different (decoupled) 
|j,ß,M> states. 
In the experiment molecules with the strongest positive Stark 
effect are selected, J=|n|-|M|=3/2 and ΩΜ<0 (see section 4.2.3); 
the selected molecules are in one of the three upper levels of the 
diagram. On leaving the sixpole these molecules return to the zero 
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U(MHz) 
О 1 2 3 i. 5 
e(kV/cm) 
2 
Ргдите 4.10 : Stark speatnm of NO in а Ц . (J=3/2) state; in zero 
field three doublets are shown with F=5/2, 3/2 and 1/2 for the upper, 
middle and lower doublet, respectively; within one doublet the upper 
level has positive parity, the lower one negative parity; at £>SkV/am 
four branches stand out; each branch, consisting of three levels, 
belongs to one of the four \M> states (see text). 
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field level (Ρ=5/2,|Ω| =3/2 ). When they enter the electric field of 
the scattering cell, they will be distributed among the three upper 
levels again. We assume an equal population. The molecules will behave 
adiabatically if the transition from zero to strong field occurs gently 
enough (ref.21), i.e. "ΐίω << ΔΕ, where ω is a typical angular frequency 
of the e-field as experienced by the traversing molecules and ΔΕ the 
Stark splitting between adjacent levels. In our experimental situation 
this condition is fulfilled. 
These three upper levels can be described by |F+,|ß|,M> where F 
indicates the assymptotic value of F in zero field. The computer 
program with which the Stark spectrum is calculated, yields also the 
coefficients a_ „ (ε) defined by 
|F
+
,|n|,M>= Σ a _ , (ε) | Ρ,|Ω| Ρ,Μ > (4.16) 
*
 F > p F,P 
where Ρ stands for the parity (±) of the state. With these a's the 





The spatial properties of these states, however, are given by the 
D . (α,β,γ) functions(equation 4.14) belonging to the |j,n,M> states; 
we therefore express the |F+,|í2|,M> states in the decoupled 
representation |j,n,M>|l,M >. Using the Clebsch Gordan coefficients 
F M 
β ' F one obtains 
F M_ 
iF.lof.ïy = г ß M ^ iJ.lnl'Vli.M^ δ ^ ^ (4.17) 
and, according to equation 4.15 
65 
|j,|fi|P,M> = Σ KP|j,ß,M> (4.18) 
with к = /ΐ(Ρ) . Summation over Ω means that one has to take both 
values. Ω=±|Ω|. Combination of equations 4.16-4.18 results in 
Ρ ,Μ Ω 




Μ^,Ω F+,ÌL· F,M 
In our experiment we always have F+=5/2 and |Ω|=α=3/2. We re-define 
Ml ί+,Μρ,Ω 











M > | l
'
M i > 4 ' Μ + Μ ι · ( 4 · 2 0 > 
The probability of finding a NO molecule under an angle BQ with 
the ε axis is given by W (cosßg)=<6 (cosS _ cosßo)>· Using the results A6 
and A7 of Appendix A we obtain 
W (cosßo) = Σ Q (ε) W (COSBQ) (4.21) 
ε
 M η η 
with W (cosß)= 2|D^ ' .' (ß) I2, the probability of finding a NO molecule 
with quantum numbers ^Ω=3/2,Μ under an angle β with the ε axis and 
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0.1 1 10 
e(kV/cm) 
Figure 4.11 : The probability QM of finding a state selected NO 
molecule in the state \M>} as function of the electric field strength 
ε in a semi log plot. 
67 
ι "F 
O (ε) Ξ — Σ | С - ,-(ε) | . The coefficients Q can be regarded as the 
probability that a state selected NO molecule occurs in the 
|M> Ξ |3/2,±3/2,±М> state (see Appendix A). In figure 4.11 these Q are 
plotted as function of the electric field ε.At ε=0, Q =0.25 for all M, 
and for ε-*», Q -+0 for all M except M=3/2 ; Q . -»-1. This shows the de-
coupling of J and I. 
In figure 4.12A W (cosß) is presented in a polar plot for M=3/2 
and M=l/2. Ww(cosß) for M=-3/2 and -1/2 are obtained by inversion of M 
W (cosB) for M=3/2 and 1/2, respectively. In figure 4.12B W (cosg) 
is plotted as function of cosß for all values of M. From these figures 
it is clear that even the "best" orientation has a broad probability 
distribution. "Best" orientation occurs for very strong e fields 
(ε >. 10 kV/cm). At lower field strengths one has mixing with other M 
states (see figure 4.11). This yields a broader orientation which 
changes into a spherically isotropic distribution in zero field, 
indicated by the circle in figure 4.12A. 
4.6.4 σ FOR A SINGLE |j,n,M> STATE 
a) The relation between a, (e) and σ. (M) . 
hv hv 
We assume that the hyperfine interactions have no influence upon 
the chemiluminescent cross section σ, , thus the internal state 
hv 
dependence of σ is completely determined by σ, (J,Я,M). For the 
selected molecules holds J=|i2|=3/2. Moreover, the spatial properties 
of the |j,n,M> state are the same as for the |j,-n)-M> state; we have 
to determine a h (M)Eahv(3/2,±3/2,±M). 
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\ Μ = 1 / 2 












0.5 -0.5 -1 
cos β 
Figure 4.12 : The probability distribution for finding a NO moleoule in 
state \М> under an angle S with the eleatria field direction; panel (A) 
shews a polar plot of this distribution for M=Z/2 and M=l/2, panel (B) 
shows this distribution as function of cos В for all Values of M. 
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Until now M stood for the projection of J upon e, but here we 
examine the influence of the NO orientation with respect to g, the 
relative velocity of the colliding partners. With MÍM') standing for the 
projection of J upon the g (ε) axis, one has M=M for e parallel vK NO 
and I^-M' for ε antiparallel ν.
τ
„ (see Appendix В). If Р„(г) is the 
NU ri 
probability of finding a state selected NO molecule in state |м> 
(with respect to g) then Q (-ε)=(3 (ε). The chemiluminescent cross 
section σ, (M) is given by 
ahv ( e ) ' I V e ) t J h v ( M ) · 
M 
(4.22) 
b) The fit procedure. 
In order to obtain ο (M) from the observed σ, (ε), a least 
rw nv 
square fit procedure (ref.22) is used with σ (M) (M=-3/2,-l/2,1/2 and 
3/2) as free parameters and with QM(e) as given in figure 4.11. Details 
of the best fit to the data of table 4.3 are given in table 4.4. 
Number of data points 
Number of constants 
















Table 4.4 Characteristics of the best fit; for definition of 
χ
2
, S and V see text. 
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 -J І * 
S - { χ2/ Σ (err(i)) Ζ } and V = { χ2/(Ν-Κ) } 
i=l 
where err(i) is the observed error and σ , (i), о . (i) the observed 
obs cale 
respectively calculated value of σ, for the i datapoint. 
c) The fit results. 
The values of σ, (M) obtained from this fit are 
nv 
ahv(3/2) = (1.192 ± 0.009) σ0 
σ (1/2) = (0.848 ± 0.015) σ0 
η ν
 (4.23) 
ahv(-l/2) = (1.177 ± 0.015) ай 
ohv(-3/2) = (0.783 ± 0.009) σ0 
Here OQ is the chemiluminescent cross section in case of random 
orientation. The smaller uncertainty in a (3/2) and σ (-3/2) is due 
to the fact one probes mainly these cross sections 
(0.6 < Q+,/2 < 1·0) with only small admixtures of σ (±1/2) at lower 
ε values. 
We have thus been able to determine the relative chemiluminescent 
cross section for pure states of NO. 




Figure 4.13 : The eteotvio f-ietd dependence of the relative 
ehemilumineseent cross section σ, for ε·Ηυ,,- and κ+Ή;^«; OQ 
stands for the cross section σ, for random orientation of the 
state selected NO molecules.· The points represent the experimental 
data, while the curves show the dependence calculated from the fitted 
values of σ, (M). 
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displayed in the third column of table 4.3 and also shown in figure 
4.13 together with the experimental data. The points represent the 
observed data, the curves reflect the calculated dependence of σ, 
upon ε. 
The results (equation 4.23) display a remarkable effect; M=3/2 
corresponds to an NO orientation as given in figure 4.12 with the N-
atom directed along g, thus pointing to the collision partner 0,. That 
this configuration reacts strongly may seem evident. But for M=-l/2 
(a sideways orientation of the incoming N0 molecule with the N-atom 
slightly backward) a high reaction probability is found, too. 
4.6.5 σ. FOR A SINGLE ANGLE OF ATTACK γ hv 
a) The relation between σ, (M) and σ. (COSY) 
ην hv 
To get a more detailed picture of σ, as a function of cosy, an 
expansion in Legendre polynomials is used (ref. 23 and 24) 
σ, (cosy) = Ι σ Ρ (COSY) (4.24) 
ην
 n
 η η 
n=0 
with COSY = ? , · | , where r„- = r -r_ stands for the internuclear 
NO NO Ν 0 
distance vector pointing from 0- to N-atom. Also the probability 
distribution for the NO orientation is expanded in this way 
W„(COSY) = Σ H2n+1) <P >„ Ρ (cosy) (4.25) 




<P > Ξ f Ρ (COSY) W,,(COSY) d cosy 
η Μ _ η M 
According to equation 4.21 this distribution is given by 




>M = 2 ƒ I,n(cosY)|D^30^(Y)| d cosy = 
1
 f (n) (3/2) (3/2)*. 
2¥? J D00 \ 3/2DM 3/2 ^ 
with (3ω = da dcosy da. Using equation 110.3 of ref. 25 
(Jl J2 Із\ Ih J2 J3l 
Τ I i l l 
m τη m / \ m ш ш 
1 2 3/ \ 1 2 31 
one obtains 
м





=4 ( - ) М - 3 / 2 | (4.27) 
п и
 \ О M -M / \0 3/2 -3/2 ; 
I t is obvious that <P >,, = 0 for n>3 i . e . for the selected state the 
η M 
¡distributions WM(COSY) are fully described by the Legendre polynomials 
PQ, P I , P2 and P3. The integral σ (M) = ja (COSY)W (cosy) d COSY 
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yields 
σ, (M) = Σ <P > M σ (4.28) hv η η Μ η 
η=0 
By inversion of equation 4.28 the following values of σ have been 
calculated: 
Oj = (0.225 ± 0.007) σ 0 
σ 2 = (-0.063 ±0.032) σ0 (4.29) 
a3 = (2.444 ± 0.184) σ 0 
3 
In figure 4.14A σ, (cosy) = Σ σ Ρ (cosy) is plotted against cosy. The 
n=0 
predominance of the P3 term is evident. For cosy < -0.85, σ, becomes 
negative. This is caused by the omittance of the contributions of Ρ 
terms with n>3; these contributions are not negligible, but cannot be 
determined. 
b) The model functions 
The graph of σ, (cosy) shows two reactive zones, one for cosy = 1 
and the other for cosy = -0.4. The question arises whether here are 
really two reactive zones, separated by angular ranges with very low 
reactivity or this behaviour is only an artifact due to the incomplete 
expansion. To investigate this, some model functions are constructed. 
These model functions f , (cosy) (ref.24) have to satisfy the following 
moa 
requirements : 
A) the function has to be non negative; f .(cosy) >_ 0 for 
mod — 
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Figiœe 4.14 : The orientation dependenee of σ, ; panel (A) shews the 
incomplete Legendre expansion а,
 л
 as obtained from the experimental 
data; panels (B) to (D) shew three different types of model functions; 
these model functions are extensions of a, (cosy) and illustrate the 
rough dependence of σ, on cosy: tuo reactive zones separated by 
angular ranges of very low reactivity. 
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-1 4 cosy 4 1 ; 
В) the values of the first four coefficients in its Legendre expansion 
have to obey equation 4.29, i.e. 
<P >, = 2/(2n+l) σ (4.30) 
n i . η 
mod 
1 
Lth <P >, = ƒ Ρ (X)f jCXidX ; Χ Ξ cosy. 
τι τ* * τι TTlrtrl 
Wit.. - t - . - ι ! 4«/^- , \ 
η f , ' , η mod
mod - 1 
In this analysis OQ is choosen to be 1 for normalisation. We have studied 
three types of modelfunctions, the step function, the linear model 
function and the Gaussian model function. They will be discussed 
shortly, 
i) The step function, f . The general form of the step function 
investigated is given by 
f (X) = fi for 1-A <_ X < 1 
st — = 
f (X) = f0 " C+B/2 ¿ Χ < 1-A 
s t
 (4.31) 
f (X) = f2 " C-B/2 i Χ < C+B/2 
f (Χ) = fo " -1 i Χ < C-B/2 
In this model function six parameters occur while from equation 4.30 
only the values of four Legendre moments <P >, are known (σο=1 for 
mod 
normalisation and Oj to 03 are given by equation 4.29). A least square 
fit procedure was used to obtain those values of A, B, fj and f2 for 
fixed values of С and fn, which give the correct values of <P >, , u
'
 ь
 η f , 
mod 
for О^п^З. 
Because the parameter values A, B, t\, ίχ have to be positive, 
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only solutions are possible with -0.35<C<-0.20, for fo=0. If fo>0 
this interval becomes smaller and ultimately zero for fo=0.20. 
In figure 4.14B the step functions for O-0.35 (a), 0-0.20 (b) 
and C=-0.28 (c) are presented with fo=0. For each of the three curves 
the reactive zones are clearly separated. For C-*-0.20 the peak around 
cosY=l and for O—0.35 the peak around cosY=-0.35 becomes infinitely 
high and narrow the area under the curve remaining finite. The ratio 
of areas under the peak atcosY=l and COSY=C, R=area (cosY=l)/area 
(COSY=C), depends on the value of С ; R=0.56, 0.30 and 0.43 for curve 
a, b and с respectively. 
ii) The linear model function, f.. , is defined as follows: 
1m 
flm(X) = (X-l+A)fi/A+f0 
f l m(x) = fo 
flm(X) = -2(X-C-B/2)f2/B + f0 
flm(X) = 2(X-C+B/2)f2/B + f0 






1-A i X i 1 
C+B/2 i Χ < 1-A 
С i Χ < C+B/2 
C-B/2 i Χ < С 
-1 4 Χ < C-B/2 
(4.32) 
in the same way as described for the step functions, the parameters A, 
B, fj and Í2 are fitted for different values of С and £0. For the 
linear model functions, too, only solutions are obtained for 
-0.35<C<-0.20 if fo=0. This is the same interval as found for the 
step functions. If for the value of С its lower or higher limit is 
chosen, similar effects occur as shown in panel В of figure 4.14. For 
fo>0 again the range of possible C-values decreases and becomes zero 
for f0=0.22, in this limit C=-0.28. 
In panel С of figure 4.14 the linear model functions are 
reproduced for C=-0.28 and fo=0 (curve a), fo=0.22 (curve b) 
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respectively. The value of the ratio R becomes 0.43 for curve a and 
0.44 for curve b, equal to the value of R for step function с in panel 
B. Moreover, the dependence of R on the centre position С is similar 
to that derived from the step functions. The fact fo<0.22 proves that 
the reactivity is indeed very low for cosy и-1 and cosy и 0.4. At least 
27% of the chemiluminescent reactions occur at cosy = 1.0, 55% at 
cosy=-0.28 and less than 18% of the reactions occur at different values 
of cosy. 
Actually, the values of σ (M) (equation 4.23) already point into 
this direction. The difference between σ, (1/2), σ, (-3/2) and 
σ, (3/2), σ (-1/2) amounts to about 40% of O Q ; if one examines panel 
В of figure 14.12 it is evident that the orientation distribution for 
different|M> states is rather broad. Therefore, σ, has to show very 
pronounced differences in reactivity, as function of cosy, if a 40% 
effect is to remain after averaging over this broad distributions. 
iii) The last model function investigated is described by 
f (X)=f1 exp {(X-l)/A}+ f г exp {-(X-C)
2/B2 } (4.33) 
and therefore called Gaussian. Also for this model solutions are 
admissible only for -0.35<C<-0.20, the same range as found for the 
step and linear model functions. The value of R is roughly the same, 
too: R=0.44. In panel D of figure 4.14 the Gaussian model function 
for C=-0.28 is reproduced, in an elegant way demonstrating again the 
features deduced from the expansion σ, (cosy) (equation 4.29); there 
exist two reactive ranges for cosy, 0.8scosysl.0 and 
-0.6scosy<0.0 ; for other values of cosy the reactivity is very small. 
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There are two preferential orientations for NO leading to 
chemiluminescent reactive collisions. 
The two preferential orientations of NO suggest the existence of 
two different transition states. In these transition states only the 
NO orientation is known. About the 0. orientation nothing can be said, 
because in the experiment the 0. orientations are at random, also at 
strong e fields. This was tested by measuring σ as function of the 
electric field strength with an unfocused NO beam; no field dependence 
of the photon signal was observed; neither the NO molecules nor the 0, 
molecules show preferential orientation in the scattering cell. 
4.6.6 COMPARISON WITH THE "LOS ALAMOS" RESULTS 
From an independent experiment Valentin! and co-workers (ref.26) 
arrive also at the conclusion that there are two transition states for 
the N0-0- reaction. The time of flight and angular distributions of 
the produced N0 9 have been investigated in a convential crossed 
molecular beam machine. A very narrow backward peak and a broad 
sideways peak have been observed in the NO- centre-of-mass flux 
distribution. For the backward peak a most probable velocity of 1200 
m/s and for the sideways peak a most probable velocity of 1000 m/s is 
measured, at a collision energy of 0.61 eV. Consequently, the N0-
molecules energetically may luminescence for both peaks. 
There exists a strong mixing of the dense manifold of N0. 
2 
vibrational excited (Ε .,>1.5 eV) in the ground state, Aj, with the 
2 2 . . . 
Bj and B2 electronic states; for chemiluminescence it is not 
necessary to produce directly NO, in an electronically excited state 
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2 2 ( Bi, B2) (réf.27-30). It is very likely that both experiments are 
observing the same phenomena (two different transition states), because 
at these collision energies the groundstate NO„ and the electronically 
excited NO- will be strongly mixed. 
4.6.7 THE SYMMETRY OF THE TRANSITION STATE 
Due to the strong steric dependence of the reaction probability 
one should expect that the transition state posses some symmetry 
(ref.31). We have investigated the different possibilities for the 
N0-0, transition configuration. The highest symmetry for the 
transition complex is the C. symmetry, where the N0 
approaches the 0, molecule along the 0„ symmetry axis with 
COSY=1 or -1. The correlation diagram for this case (see figure 4.15) 
shows, however, an energy barrier of about 0.75 eV; the N0_ products 
2 2 . 1 
are formed m the Aj or Bj state, the 0. products in the Д
к
 state. 
The barrier is a consequence of the fact that the produced N0. has to 
be linear for conserving symmetry. Owing to this barrier, the C_ 
configuration will not lead to reaction, i.e. this configuration is 
no transition state configuration. 
Lowering the symmetry of the transition state to only one plane 
of reflection leads to two possible configurations, the coplanar and 
the bisecting plane configuration; in the first all atoms lie in one 
plane, in the second the N0 molecule lies in the plane which bisects 
the bound angle of the isocèles ozone. The diagram for the coplanar 
2 3 -
case shows correlation to the N0. Aj state and the 0 9 Σ ground 
state or Δ state; the bisecting plane configuration yields 
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Figure 4.15 : Minimal state correlation diagram for three different 
symmetries of the transition state of N0-0 ; the "C2y" arraj shows 
the correlation, when the NO molecule lie upon the symmetry axis of 
the 0, molecule; the arrows with A'(api) and A"(cpl) show the 
ύ 
correlation, when all atoms lie in one plane while those labelled 
with A'(bpl) and A''(bpl) indicate the correlation when the NO 
molecule lies in the plane, which bisects the bound angle of the 
isocèles ozone. 
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2 2 . 3- -
correlation to the NO- Aj or A2 state with 0. in the t ground 
state. These both configurations have been discussed by Redpath et al. 
(réf.9) and treated in a theoretical study by Chapman (ref.32). 0. 
formed in the Δ state was never observed,although one has searched 
for it (ref.2). Therefore, the bisecting plane configuration is 
preferred if the transition complex has any symmetry at all. From our 
results no new arguments can be derived as to a possible symmetry 
plane, because both observed reacting orientations can occur in both 
(coplanar or bisecting) geometries. 
Although the symmetry of the transition states is thus not 
determined, the measurements show that their geometry produces the 
marked orientation effects discussed in section 4.6.5.· 
4.7 FINAL REMARKS 
The strong steric dependence observed in the second part of this 
study yields a quantitative explanation of the rotational dependence 
observed in the first part. If the NO molecule does not rotate during 
the collision it depends strongly on the initial NO orientation 
whether reaction occurs or not. If the NO molecule rotates about a 
certain angle it becomes more probable that a reactive orientation 
will be attained during a collision, the faster the rotation the more 
probable the occurance of the reactive orientation. As long as the 
collision time is smaller than the rotation time, σ, will increase 
hv 
with increasing rotational energy; however, it is not the energy that 
enhances the reactivity, but the rotation itself. 
The two different transition states may lead to the understanding 
83 
why both translational and vibrational energy are able to promote the 
N0-0, reaction. If one of the transition states has an early barrier 
along the reaction coordinate (the coordinate along the path over the 
potential surface) translational energy promotes the reaction (ref.33); 
if the other one has a late barrier, vibrational energy enhances the 
reaction probability. Measurement of the orientation effect as function 
of the translational and/or vibrational energy may give decisive 
information about this conjecture. 
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APPENDIX A: THE ORIENTATION DISTRIBUTION IN THE BEAM 
As pointed out in section 4.6.3, the NO molecules in the state 
selected beam form a statistical mixture of different |м> states (see 
eq.4.20), in which each |MI¡,> state occurs with the same probability. For 
this mixture, described by the density matrix ß=|bL,>T<M^| , the 
expectation value of an operator 0, which only depends on the first two 
of the Euler angles α,β and γ is given by 
<ο(ο,β)>= z <MF|¿o(ct,e)|MF> = і/боірІСКоі.юІм^ 
The matrix element <MF|Ô(a,0)|М> is evaluated as follows: 
M * M, 
< M J Ô | M > = Σ C F (e)C ^ ε ^ , Ι , Ω ' , Μ ' |Ô|j,i2,M> . 
F
 Μ , Μ ' , η , η · Μ'Ω' M,Ω 
< і м ; Ш
т
> б , 
ι 
I 1 ι MF,M+MT 
Σ V "F 
= С (e)C (ε)<α,Ω , ,Μ|θ|ΐ,Ω,Μ> (Al) 
Μ,Ω,Ω' Μ,Ω' M,Ω 
where 
<α,Ω',Μ|0(α,0)|α,Ω,Μ> - J ^ D ^ t Ο(α,β) L £ > du 








2π π . * -ίΜα ,.... ιΜα 
Ι(α,3) = ƒ ƒ d¿^(B) б Ο(α,Ρ) 4,Ω ( 3 ) θ s i n ß d a d ß 
<J,n,,M|0(a,ß)|j>n,M> = <J,ß,M|0(a,e)|j,n,M> 6fi nl . 













<0(α,β)> = ¿ Σ |<ν 0(ε)| <J,ß,M|0(a,ß) I J,n,M> . (A2) 
6
 Μ , Ω , Μ ; M ' n v 
Summation over Ω means that one has to take both values Ω=±|Ω| . 
Furthermore, evaluating <J,-n,-M|0(o,ß)|J,-Ω, -M> by integration over 
αω yields 
<J,n,M|o(a,ß)|j,n,M> = <J,-n,-M|Ô(a,0)|j,-n,-M>. (A3) 









<0(α,β)> = 1 / 6 Σ Σ 
Μ Μρ 








= Σ з Σ <J,|n|,M|Ô(a,B)|j,|n|,M> (A4) 
For the selected molecules holds J«|fi|=3/2. Defining 
2 
, equation A4 becomes %.(.€) = 1/3 Σ 
•'M, 3/2 
<0(ο,β)>= Σ Q (e) <3/2, 3/2, Μ|0(α,β)|3/2, 3/2, M> 
M 
(А5) 
The probability of finding a molecule under an angle ßg with the 
e axis is given by: W (cosßo)=<fi(cosß-cosßo)>. Using equation A5 one 
obtains 
W ( C O S B Q ) = Σ Q (e)<3/2, 3/2,M|6(cosß-cosßo) ІЗ/2, 3/2, M > . (A6) 
6
 M 
The last matrix element must be regarded as the probability of finding 
a molecule in the |3/2, 3/2, M> or |3/2, -3/2, -M> state (see 
equation A3) under an angle ßp. Because the spatial properties of the 
|3/2, 3/2, M> and |3/2, -3/2, -M> state are the same we distinguish 
them no longer and define |M> = |3/2,±3/2,±M> and WM(cosß0) as the 
probability distribution of the state |М>. Then 
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WM(cosß0) = <3 /2 , 3 / 2 , M |6 (cosß -cosß 0 ) | 3 / 2 ,3 /2 , M> 
r2J+l 
' 8TT2 ^/IC.B.Y) 6(cosB-cosß()) αω 
= 2 л
( 3 / 2
^ й ì DM;3 /2(ßo) (A7) 
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APPENDIX В: FROM ε TO g AS QUANTISATION AXIS 
So far the orientation of the NO molecules is described with 
respect to the e axis. In our experiment, however, the orientation of 
NO with respect to the relative velocity g has to be known. 
Let M standing for the projection of J upon g and m for the 
projection upon e, then the relation between the states |m> and |м> is 
given by (ref.25) 
|m> = Σ d^ / 2 )(0) |M> (Bl) 
M 
where Θ is defined by cos0=e.g . In other terms the probability that a 
molecule in state |m> is also in state |м> is given by 
P
m
(M) = | α ^ / 2 ) ( θ ) | 2 . (B2) 
In the experimental situation one has not one g with a fixed value for 
0,but a distribution of g around ε, f(cos0). Therefore we rewrite 
equation B2 
P.OO - _| 
' ^'
2 )
<s> f(cos0) d cosO (B3) 
If the ozone target would be at rest, f(cos0) would be given by 
f(cos0) = 6(cos0 + 1) (B4) 
where the - (+) s ign corresponds to v i j n ++(++) ε . The s c a t t e r i n g 
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chamber is cooled to Τ =160 К, thus the 0_ target has a root mean 
03 J 
square velocity of about 288 m/s. This results in a broader distribution 
f(cos0) with |cos0| between 1.0 and COSQQ, where д is the largest 
possible angle for a given 0, velocity, cos20o =l-(v
n
 /Vv,-)2· This 
distribution is sharply peaked at COSQ-^COSGQ . 
In rough estimate of the error introduced by equation B4 
6(cos0 +cosGo) is used for f(cos0) and the values of σ, (M) have been 
re-calculated. The differences between the new values and those from 
equation 4.23 amounts to about 50% of the uncertainty in the values of 
σ, (M). Consequently, we take for f(cosG)=6(cos0+1). Combination of 
equations B3 and B4 yields 
P
m
( M ) =
 И£ / 2 )< 0>І 2- в..М f~ «••* 
(•\i-)\ _,. _у (B5) 
Ρ (M) = \alil¿)W\2 = δ_„ „ for gt+E 
m Mm -m,И 
The coefficients Οίε) for a state |m> and <3
Μ
(ε) are correlated; 
Q M(E) = Γ Q (ε)Ρ (M). Giving e a positive sign in the antiparallel case 
m 
and a negative one in the parallel case one obtains with equation B5 
QM(-e) = Q_M(e) . (B6) 
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The investigations described in this thesis have produced much new 
and clear information about the chemiluminescent reactive system N0-0,; 
i) The reactivity depends strongly upon the kinetic energy of the 
system, translational as well as rotational, even at energies far from 
threshold; 
σ. № ,E J = σ, ( o ) № /Ε )3·75(Ι+4.5 E /E ) hv tr rot hv tr о rot о 
where E =0.13 eV stands for the threshold of the reaction. 
о 
ii) The fine structure state of N0 (^ "U/7 or ^1/9) ^
5 n o t 0
^ influence 
upon the reaction probability. 
iii) For the first time it has been possible to measure the 
chemiluminescent cross section σ for single (J,fl,M) states of N0, at 
a well defined translational energy. 
iv) The orientation of NO with respect to the relative velocity during 
the collision is very important. There are two orientations leading to 
N 
chemiluminescence, the 0N-0_ configuration and the - 0, 
configuration. This indicates that there exist two transition states 
with different geometries. 
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5.2 OUTLOOK 
Concerning preferential ozone orientations leading to reaction 
still nothing is known. In a next experiment an ozone beam will be 
used instead of the NO beam. Employing an electric quadrupole field 
the ozone will be partially state selected; this ozone will be 
aligned in the scattering region by an electric field. This experiment 
will provide supplementary information about the geometry of the 
transition states. 
It seems feasible to do spectroscopy on the transition state of 
the 0N0_ complex with a TEA CO. laser. In the collision the ozone 
molecule is expected to be excited by laser radiation at frequencies 
quite different from absorption frequencies of free molecules. These 
absorptions will cause an enhancement of the chemiluminescer.ee.Thus 
information can be obtained about lifetime and configuration. 
The techniques used for state selection and orientation of NO can 
be applied to other molecules, e.g. to N„0 for its chemiluminescent 
reaction N„0+Ba-*"BaO*+N,-. With a sixpole it is also possible to select 
the V2=l vibration with rotational quantum numbers J=K=M~1. The N„0 
molecules in this state will be oriented in the scattering region by 
an electric field of about 100 V/cm. For this system, too, the 
influence of the orientation upon the reactivity can be examined at 
different translational energies. Employing a color centre laser, it 
will be possible to study the influence of the N„0 vibrations upon the 
reactivity. 
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Similarly, the reactions ICl+Ba and CF,Br+Ba can be 
investigated with the same sophistication and hopefully with equally 
detailed results as presented in this thesis for the N0-0 reaction. 
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TITEL EN SAMENVATTING 
HET CHEMILUMINESCENT REACTIEVE SYSTEEM N0-0 
Bij een chemiluminescente reactie zoals 
NO + 0 3 -> N0 2 + 0 2 
NO •+ NO + hv 
wordt een van de producten, in dit geval N0 9, in een energetisch aan­
geslagen toestand gevormd. Tijdens het verval naar de grondtoestand 
wordt een foton uitgezonden dat het energie-overschot hv bevat. 
Met behulp van een moleculaire bundelmachine is de invloed van 
diverse vormen van energie op de chemiluminescente botsingsdoorsnede 
σ , welke een maat voor de reactiviteit is, bestudeerd. Hierbij werd 
* 
een supersone N0 bundel gekruist met een 0, bundel en het door het N0 9 
uitgestraalde licht gedetecteerd. Door middel van een snelheidsselector 
werd de translationele energie, E , van het N0 gevarieerd, terwijl de 
interne energie gevarieerd kon worden door druk en temperatuur in de N0 
bron te veranderen. Uit deze metingen blijkt dat σ, zeer sterk afhan-
3 75 keliik is van de translatie-energie, σ. = E , maar dat ook de J &
 ' hv tr 
interne energie van het N0 molecuul invloed heeft op de reactiviteit. 
Om deze interne energie-afhankelijkheid verder te onderzoeken ge­
bruikten we een volledig toestandsgeselecteerde N0 bundel. Toestands­
selectie vond plaats door het N0 een inhomogeen electrisch veld te 
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laten passeren, voordat het aan ozon (0,) verstrooid werd. 
Omdat het N0 molecuul een electrisch dipool-moment bezit, waarvan 
de effectieve sterkte toestandsafhankelijk is, is de baan door dit 
electrisch veld voor iedere toestand verschillend. Als de juiste condi­
ties gekozen worden, zal een van deze toestanden op de ingang van de 
ozoncel (die de ozon-bundel uit het eerste experiment vervangt) gefocu-
seerd worden. Met behulp van deze techniek kan men de twee electronische 
2 2 
fijnstructuur-toestanden ( Π ,. of n-./o) in hun laagste rotatietoestand 
selecteren. 
Door de f otonen-signalen van de toestandsgeselecteerde bundels onder­
ling en met die van de niet-toestandsgeselecteerde bundel te vergelijken 
konden we concluderen dat de Π ,. en de ^TL/o toestand van het N0 even 
reactief zijn, maar dat de reactie-kans groter is naarmate het N0 snel­
ler roteert. 
Vervolgens hebben we de reactiviteit als functie van de N0 oriën-
tatie ten opzichte van de relatieve snelheid onderzocht met behulp van 
een homogeen electrisch veld in de ozoncel. 
In een electrisch veld hebben de in de η ..(J=3/2) toestand ge­
selecteerde N0 moleculen, n.l. de neiging om zich te oriënteren met 
de molecuulas, -ON-»·, parallel aan de veldrichting; hoe sterker het 
veld, des te beter de oriëntatie. Door meting van het fotonen-signaal 
als functie van de veldsterkte en berekening van de oriëntatie-
verdelingen bij de verschillende veldsterkten, kon de reactiekans als 
functie van de oriëntatie bepaald worden. Deze blijkt het grootst te 
zijn voor twee verschillende standen van het N0 molecuul, terwijl ze 
voor andere oriëntaties zeer klein is. In de ene stand fungeert het N 
atoom als speerpunt, in de andere is het N0 molecuul zijdelings ge-
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oriënteerd, waarbij het 0 atoom enigszins voorop loopt bij de benadering 
van het ozonmolecuul (zie figuur 1.1). De reactie kan dus kennelijk op 
twee verschillende manieren verlopen. 
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al., hetgeen verklaard kan worden door het feit dat niet alle vibra-
tionele "hot bands" opgelost waren in de spectra van eerstgenoemden. 
R.J.H.Cbvik en O.H.EUutad ; 
Mo¿.Phyi.30 11975) 1699 
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5 De door Zare en medewerkers gevonden oriëntatie-afhankelijkheid van 
de reactiekans voor HF+Sr-»· SrF+H is zo sterk, dat ze om fysische 
redenen verworpen dient te worden. 
Z.Kasiny.K.C.EitteA zn Ρ,Μ.ΙΟΛΖ ; 
J.Chm.Phyi.69 [J97S) 5199 
6 Het verdient aanbeveling het door Lester et al. verrichte experi-
ment, waarbij in een moleculaire bundelexpansie van SFg via bot-
sings geassisteerde één-foton-absorpties ongeveer 5 fotonen in elk 
molecuul gepompt werden, uit te breiden om, gebruik makend van de 
Raman techniek, de energieverdeling binnen de aangeslagen SF/· mole-
culen te bestuderen. 
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7 De kwantitatieve interpretatie van de L.I.F.metingen aan de re­
acties van Fluor met CH3I en CF,I door Stein et al. is uiterst 
dubieus o.a. door het niet meenemen van de snelheidsverdelingen 
der reactanten. 
L.Stí¿n,J.t)lcumeA ел H.DlaZtheA ; 
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8 Bij het roeien wordt de ideale lengte van de haal niet "alleen be-
paald door de lichaamslengte van de roeier, maar vooral door zijn 
manier van in- en uitzetten. 
9 In de discussie met betrekking tot het energie- en grondstoffen-
vraagstuk wordt de vraag: "Hoeveel van onze welvaart willen wij 
inleveren?" angstvallig vermeden. 
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